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Kurzfassung 


Der globale Klimawandel und die daraus resultierende Erderwärmung zwingt 
zur Erschließung alternativer und klimaschonender Energiequellen. Eine um- 
weltfreundliche und grundlastfähige Energieerzeugung soll in der Zukunft 
mit Fusionskraftwerken gelingen. Um die Umsetzbarkeit und Realisierung der 
Fusionstechnologie unter Beweis zu stellen, soll noch in der ersten Hälfte die- 
ses Jahrhunderts ein DEMOnstrations-Fusionskraftwerk (DEMO) aufgebaut 
werden. Dieses Fusionskraftwerk soll eine elektrische Leistung von 500 MW 
generieren. Die nominelle thermische Leistung wird im Bereich 2-3 GW 
liegen. Um das Fusionsplasma auf die nominelle Plasmatemperatur zu erhit- 
zen, ist eine Heizleistung von 150 MW notwendig. Die Elektron-Zyklotron- 
Resonanzheizung (ECRH) soll hierzu 50 MW beitragen und nimmt somit 
eine wichtige Schlüsselrolle ein. Die hierfür notwendige Millimeterwellen- 
Strahlung bei Frequenzen bis zu 240 GHz soll von Gyrotrons erzeugt werden. 
Das Karlsruher Institut für Technologie (KIT) entwickelte bereits erfolgreich 
Gyrotrons für die Fusionsexperimente Wendelstein 7-X (W7-X) und ITER mit 
geforderten Dauerstrichleistungen von 1 MW bei einer Betriebsfrequenz von 
140 GHz und 170 GHz. Für DEMO werden demgegenüber Ausgangsleistungen 
im Multi-Megawatt Bereich gefordert. Experimente am KIT haben gezeigt, 
dass ein stabiler Betrieb im Multi-MW Leistungsbereich mit der koaxialen 
Gyrotrontechnologie erreicht wird. In der Vergangenheit wurde die koaxiale 
Gyrotrontechnologie jedoch lediglich bei kurzen Pulsen bis 4 ms getestet. Es 
ist zu zeigen, dass koaxiale Gyrotrons im Langpulsbetrieb mit Ausgangsleis- 
tungen im Multi-Megawattbereich betrieben werden können. Basierend auf 
dem bereits am KIT existierenden Kurzpuls-Gyrotron, wird in dieser Arbeit 
zum ersten Mal ein koaxiales Langpuls-Gyrotron entwickelt und gebaut, mit 
dem der thermisch und elektrisch eingeschwungene Zustand erreicht werden 
kann. Es wird angenommen, dass dieser eingeschwungene Zustand nach ca. 
ls erreicht wird. Darum werden in dieser Arbeit die notwendigen Schlüssel- 
technologien zur Kühlung von thermisch hochbelasteten Komponenten und 
die notwendige Verbindungstechnologie weiter entwickelt. Zudem werden 
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Vorschläge erarbeitet, um den Elektronenstrahlerzeuger für den Dauerstrich- 
betrieb zu optimieren. 

Hierzu werden in der vorliegenden Arbeit zwei unterschiedliche Elektronen- 
strahlerzeuger-Konzepte verfolgt und hinsichtlich den DEMO relevanten An- 
forderungen optimiert. Im ersten Schritt wird die konventionelle Elektronen- 
strahlerzeuger-Technologie vorangetrieben. Zum ersten Mal wird ein bereits 
existierender Elektronenstrahlerzeuger mit Anti-Emissionsbeschichtung an 
den Emitterkanten getestet. Die Verwendung dieser Emitter-Tehnologie redu- 
ziert signifikant die Sensitivität bezüglich vorhandener Herstellungstoleranzen 
und thermischer Ausdehnung. Zudem wird die konventionelle Technologie nu- 
merisch optimiert und experimentell mit der Langpulsröhre getestet. Darüber 
hinaus, wird erstmalig gezeigt, dass dieser Elektronenstrahlerzeuger ebenfalls 
in einer DEMO relevanten Diodenkonfiguration die Designkriterien kom- 
plett erfüllt. Um die Betriebsfrequenz und Ausgangsleistung hinsichtlich eines 
DEMO relevanten Designs weiter zu erhöhen, ist ein neuer Elektronenstrahl- 
erzeuger Ansatz notwendig. Die Hauptanforderungen an einen neuartigen 
Elektronenstrahlerzeuger sind: (i) Minimierung der Temperatur von thermisch 
belasteten Komponenten, um die thermische Ausdehnung während des nomi- 
nellen Betriebs zu reduzieren und (ii) die Emitteroberfläche zu maximieren, 
um bei gegebenem Bohrlochdurchmesser des supraleitenden Magneten die 
Stromstärke und somit die Ausgangsleistung zu erhöhen. Diese Anforderun- 
gen können mit einem konventionellen Elektronenstrahlerzeuger nicht erfüllt 
werden, da das Design, bei gleichbleibenden Abmaßen, nicht die Möglichkeit 
eines größeren Emittereinbaus erlaubt. Durch die Verwendung eines inversen 
Elektronenstrahlerzeugers können diese Ziele jedoch erreicht werden. Hier- 
bei wird die Kathode an der Außenseite positioniert was zu einer direkten 
und effizienten Kühlung führt. Des Weiteren werden Materialien mit hoher 
Wärmeleitfähigkeit verwendet, um die gespeicherte Wärmeenergie nach außen 
abzuleiten. Thermomechanische Simulationen zeigen, dass die maximale Tem- 
peratur durch diese Optimierungen signifikant reduziert wurde. Des Weiteren 
ermöglicht das inverse Design die Installation eines um 17 % größeren Emitters 
bei gleichbleibendem maximalen Durchmesser des Elektronenstrahlerzeugers. 
Aufgrund der größeren Emitteroberfläche kann ein größerer Strahlstrom emit- 
tiert und somit eine höhere Ausgangsleistung generiert werden. 

Um in der Zukunft kostengünstige DEMO relevante Prototypen aufbauen zu 
können, wird ein weiterer Fokus auf kostenoptimierte Verbindungstechno- 
logien gelegt. Intensive Untersuchungen zeigen, dass die Verwendung von 
Basis-Nickel Loten eine hervorragende Alternative zu den bereits bekannten 
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Gold und Silber Loten darstellt. Insbesondere die Auswertung von Schliff- 
bildern hat ergeben, dass durch den optimierten Prozess die Toleranzen und 
die Leckraten verbessert wurden. Durch den optimierten Lötprozess ist es 
nun möglich, KIT-intern langpulsfähige Gyrotronkomponenten kostengünstig 
herzustellen. 

Um die Pulslänge von 4 ms auf 150 ms zu erhöhen werden die modularen 
Komponenten des koaxialen Gyrotrons separat mit einer für KIT-Kurzpuls- 
Gyrotrons neuartigen Kühlmethode ausgestattet. Diese einzigartige Optimie- 
rung ermöglicht die Aufzeichnung der elektrischen Verluste jeder einzelnen 
Komponenten. Um jedoch das Ziel des Dauerstrichbetriebs zu ermöglichen 
wird ein optimiertes Minikanal-Kühlungsdesign für die Kavität entwickelt 
und an einem Modell experimentell getestet. Die maximale Temperatur im 
eingeschwungenen Zustand erreicht hierbei 210 °C. Um thermische Spannun- 
gen weiter zu reduzieren und die Lebensdauer eines Gyrotrons zu erhöhen, 
wird erstmalig die Verwendung einer Sprühkühlung in Gyrotrons untersucht. 
Experimentelle Tests und Auswertungen zeigen, dass die Wärmeleitfähigkeit 
der Sprühkühlung im Vergleich zur Minikanal-Kühlung um den Faktor 10 
größer ist. Des Weiteren stellt die Sprühkühlung signifikante Vorteile in der 
Überwachung und Zuverlässigkeit sowie der mechanischen Implementierung 
dar. 

Die erfolgreichen Tests des KIT-intern gefertigten koaxialen Gyrotrons bestä- 
tigen die Optimierungs- und Entwicklungsschritte der Schlüsselkomponenten 
erfolgreich. Hierbei wird eine maximale Ausgangsleistung von 2.2 MW bei 
einer Betriebsfrequenz von 169.89 GHz kalorimetrisch gemessen. Aufgrund 
des optimierten Herstellungsprozesses und der damit reduzierten Toleranzen, 
konnte im Vergleich zum Kurzpuls-Gyrotron die elektronische Effizienz um 
4 % erhöht werden. 
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Abstract 


Due to global climate change and the resulting global warming, there is a 
need to develop alternatives and climate-friendly energy sources. An environ- 
mentally friendly and base loadable energy production can be realized in the 
future with fusion power plants. In order to demonstrate the feasibility and 
implementation of fusion technology, a DEMOnstration fusion power plant 
(DEMO) should still be built in the first half of this century. This fusion power 
plant should generate an electrical power of 500 MW with an available ther- 
mal performance in the range of 2-3 GW. To heat the fusion plasma on the 
nominal plasma temperature, a heating power of 150 MW is required. The 
electron cyclotron resonance heating (ECRH) contributes 50 MW and plays 
an important key role. The necessary millimeter-wave radiation up to 240 GHz 
will be generated by gyrotrons. The Karlsruhe Institute of Technology (KIT) 
has already successfully developed gyrotrons for the fusion experiments Wen- 
delstein 7-X (W7-X) and ITER with a continuous wave power of 1 MW at 
an operating frequency of 140 GHz and 170 GHz. In order to reduce the total 
number of gyrotrons required per plant and to enable cost-efficient operation, 
DEMO requires gyrotrons with an output power level in the multi-megawatt 
range. Short-pulse experiments have shown that a stable operation in the multi- 
MW power range can be achieved with the coaxial-cavity gyrotron technology. 
However, up to now, the coaxial gyrotron technology was tested up to a pulse 
length of 4 ms. Therefore, it has to be shown that coaxial gyrotrons can be 
operated in long-pulse mode with output powers in the multi-megawatt range. 
Based on the already existing short-pulse gyrotron, in this work, a long pulse 
gyrotron is developed and built for the first time, with which the thermally 
and electrically steady state operation can be achieved. It is assumed that this 
steady state is reached after about 1s. Therefore, this work will support the 
development of necessary key technologies for cooling of highly thermally 
loaded components and the necessary vacuum connection technologies. In ad- 
dition, proposals are being developed to optimize the electron beam generator 
for continuous wave operation. 
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In the present work, two different electron gun concepts were pursued and 
optimized regarding DEMO relevant requirements. In the first step, the con- 
ventional triode electron gun technology was advanced. This was the first time 
that an existing electron gun with anti-emission coating at the emitter edges 
was tested in Europe. The use of this emitter technology significantly reduces 
the sensitivity to manufacturing tolerances and thermal expansion. In the pre- 
sent work, this MIG was numerically optimized and tested experimentally with 
the long-pulse tube. In addition, it is shown that this MIG can also be operated 
in a diode configuration. Therefore, an advanced anode shape was developed 
which satisfies the gun design criteria and promises the suppression of trapped 
electrons. In order to increase the operating frequency and output power in 
terms of a DEMO relevant design, an optimized MIG has been systematically 
developed. The main requirements of a novel electron gun are: (i) minimizing 
the temperature of thermally stressed components to avoid thermal expansion 
during nominal operation, and (ii) maximizing the emitter surface area for a 
given borehole diameter of the superconducting magnet, to increase the beam 
current and accordingly the output power. With a conventional MIG these re- 
quirements cannot be fulfilled, because the design, with the same dimensions, 
does not allow the possibility of a larger emitter assembly. However, these 
goals could be achieved by using the concept of an inverse MIG (iMIG). In 
the iMIG a 16.8 % larger gyrotron emitter ring can be installed without the 
necessity for a bigger bore hole in the superconducting magnet. Due to the 
increasing circumference the electron beam compression is increasing which 
leads to a thinner electron beam and an efficient gyrotron operation at higher 
operating frequencies. In addition, the larger emitter surface provides a higher 
beam current and allows the gyrotron to operate at higher RF-power levels. 
Furthermore, the iMIG design was simplified for an in-house manufacturing. 
The temperature of thermally loaded MIG components could be reduced by 
the factor of 5 compared to conventional MIGs. The significant temperature 
reduction is related to the use of an advanced construction and optimized ma- 
terial composition. In numerical simulation, an excellent electron beam quality 
has been achieved. In addition, the gun design criteria for the suppression of 
trapped electrons and the generation of Halo electrons were strictly considered 
during the development phase of the iMIG. 

In order to build cost-effective DEMO-relevant prototypes in the future, another 
focus was on cost-optimized joining technologies placed. Intensive research 
has shown that the use of basis-nickel super alloy braze represents an excellent 
alternative to the already well-known gold and silver braze. In particular, the 
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evaluation of grinding-patterns has shown that the tolerances and leakage rates 
have been improved by the optimized process. Thanks to the optimized bra- 
zing process, it is now possible to inexpensively manufacture KIT internally 
long-pulse gyrotron components. 

In order to increase the pulse length from 4 ms to 150 ms, the modular com- 
ponents of the coaxial gyrotron were separately equipped with a novel cooling 
method. This unique optimization allows to record the electrical losses of each 
component. However, to enable the goal of CW operation, an optimized mi- 
nichannel cooling design has been developed for the cavity and successfully 
experimentally tested on a mockup. Numerical investigations has shown, that 
the maximum steady-state temperature of the cavity, equipped with a minich- 
annel cooling, reaches 210 °C during nominal operation. A further significant 
reduction of the temperature can be achieved with the novel spray cooling 
system. Due to the phase change of the water from liquid to vapor, 10 times 
more energy can be dissipated compared to a usual minichannel-cooling sys- 
tem. Experimental tests and evaluations have shown the enormous potential of 
that cooling approach. Furthermore, the spray cooling system offers significant 
advantages in temperature monitoring and control. 

Experimental tests of the KIT internally manufactured coaxial-cavity gyrotron 
have successfully confirmed the optimization and development steps of the key 
components. A maximum output power of 2.2 MW at an operating frequency 
of 169.89 GHz was measured. Due to the optimized manufacturing process 
and the reduced tolerances, the electronic efficiency could be increased by 4 % 
compared to the short-pulse gyrotron. Even more, in depressed operation an 
output power of 2.2 MW has been achieved with the advanced conventional 
Magnetron Injection Gun. 
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1 Introduction 


In this chapter an overview of the gyrotron as a high power source for fusion 
application is given. After reconsideration of existing challenges in fusion 
gyrotron developments, the currently available technologies are evaluated. 
Based on that, the scope and motivation of this work is described. 


1.1 Towards DEMO: requirements for future 
fusion gyrotrons 


More than 90 % of the world energy production is covered by fossil energy 
sources. The associated climate problem, limited fuel stocks and political in- 
stabilities makes alternative energy systems in the long-term necessary. Today, 
Europe’s baseload generation of energy relies on nuclear fission and lignite [1]. 
In order to put the world on a path of reduced greenhouse gas emission and 
pollution related to radioactive waste, a sustainable research in thermonuclear 
fusion is of crucial importance. The goal of nuclear fusion is to obtain energy 
from fusion of nuclei, as it happens in the sun. Under terrestrial conditions 
deuterium and tritium fuse most readily. In this process a helium nucleus is 
produced, attended by a neutron and a large quantity of usable energy. The 
resulting helium atom is lighter than deuterium and tritium together, accord- 
ingly some mass has been lost and great amounts of energy have been gained. 
The equivalence between mass and energy is postulated by Einstein [2]: 


E=m-c (1.1) 
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This chemical process can be described by the reaction equation, which was 
for example published by Shultis et al. [3]: 


?T + D 3 He +3.5 MeV +n + 14.1 MeV (1.2) 


The total energy gain of 17.6 MeV consists of the kinetic energy of the neutron 
(14.1 MeV) and the Helium nucleus (3.5 MeV). One gram of the combustible 
has the possibility to generate 90000 kWh in a fusion power plant, which 
corresponds to a combustion energy of 11 tons of coal. Deuterium can be 
extracted from water while Tritium will be breeded during the fusion reaction 
by the interaction between the fusion neutrons with blanket Lithium in the 
following reaction [1], where an alpha particle is released: 


6Li+n > arad + T +4.78 MeV (1.3) 


In this connection it is not necessary to have 100 % enriched Lis. Both nuclei 
(Deuterium and Tritium) are positively charged. Therefore, the Coulomb 
barrier has to be exceeded for a successful fusion reaction. A kinetic energy 
of 10 keV (150 Mio °C [1]) is required to pass that Coulomb force. In order to 
reach such a high plasma temperature, a powerful heating system is required. 
There exist exactly four heating methods which are used in today's fusion 
reactors. 


e Ohmic Heating (Tokamak) 


e Neutral Beam Injection (NBD 
and the RF-heating methods: 


e Ion Cyclotron Resonance Heating (ICRH) (direct ion heating) 


e Electron Cyclotron Resonance Heating (ECRH) (indirect ion heating) 


The ECRH methods heats the electrons in the plasma due to the resonance 
effect with the electromagnetic wave. The energy exchange takes place at the 
frequency of the cyclotron resonance of the electrons. This relation is for 
example published by Kartikeyan et al. [4]. 


eB _ 28GHz-B 


Qe = 27 feye = z 
Mey Y 


(1.4) 


1.2 State of the art of fusion gyrotrons 


The magnetic flux density B in Eq. (1.4) must be used in Tesla. During the 
indirect heating the accelerated electrons transfer the energy to the ions via 
collisions. ECRH is playing a superior role in plasma heating of future nuclear 
fusion devices. Firstly, it is because ECRH offers excellent localized coupling 
of the RF power to the fusion plasma, which is related to the resonance con- 
dition. Secondly, the ECRH has the highest input power density. For typical 
fusion reactors the resonance frequencies are in the range between 100 GHz 
and 300 GHz. The today's ECRH heating power is 10 MW for the stellarator 
Wendelstein 7-X [5]. The heating power in the first campaign for the tokamak 
ITER is 24 MW [6]. 

The fusion reactor, which shall follow ITER, is the DEMOnstration fusion 
power plant (DEMO). The goal of DEMO is the generation of 2-3 GW of ther- 
mal power P;n and 500 MW of electrical power Pe; [7]. Another goal is the 
demonstration of the reliability and availability of the system as well as the ver- 
ification of new constructions, technologies and the self-production (breeding) 
of tritium [8]. Based on the time frame of the fusion program, the commis- 
sioning of DEMO is planned around 2050 [9]. For the European DEMO (EU 
DEMO) design, an ECRH power of 50 MW is foreseen. Details of the ECRH 
system are discussed by Jelonnek et al. [10] and Franke et al. [11,12]. 

The European Union 2018 DEMO baseline (EU-DEMO-2018 baseline pub- 
lished by Federici et al. [13]) design goals fora DEMO gyrotron together with 
today's technological constraints are listed below. These gyrotron relevant 
design goals are already published by Kalaria [14]. 


e A multi-frequency/multi-purpose operation at 170 GHz, 204 GHz and 
236 GHz for plasma start-up, bulk heating and non-inductive current 
drive. 


e A frequency step-tunability in steps of 2-3 GHz for plasma stabilization. 


e An RF output power of minimum 2 MW to reduce the number of gy- 
rotrons, which are required for a sufficient ECRH. 


1.2 State of the art of fusion gyrotrons 


Kartikeyan et al. is writing in [4] that the only known RF source which is 
capable to produce the required RF power level in the desired frequency range 
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is the gyrotron. This vacuum tube is operating in the millimeter and sub- 
millimeter wavelengths range with an output power range from the kW level 
up to the multi-MW level. As an example, for Wendelstein 7-X (W7-X) in 
Greifswald, Germany, in total ten 1 MW 140 GHz gyrotrons [15-17] are 
successfully in operation. The gyrotrons are designed for a pulse length up 
to 1800 s. The transmission of the RF power to the vessel is realized by an 
efficient and reliable quasi-optical transmission system. Further details and 
measurement results can be found in Erckmann et al. [5]. For the fusion 
project ITER in Caderache (France), 24 gyrotrons with an RF output power of 
1 MW each and a frequency of 170 GHz are successfully under experimental 
testing. A detailed actual status overview about ITER gyrotrons is given by 
Thumm et al. [17] and a detailed European status by Ioannidis et al. [18]. The 
requirements for these gyrotrons are a maximum pulse length of 3600 s with 
an RF output power of minimum | MW [19]. 


1.3 Scope of this work 


Status of modular gyrotron development 


At KIT, the activities in gyrotron R&D focus on a design that meets the 
requirements for a future DEMO power plant, which are presented by Fed- 
erici et al. [20]. For future DEMO gyrotrons an RF output power of minimum 
2 MW (CW) with operating frequencies up to 240 GHz is under consideration. 
Kern et al. [21] and Rzesnicki et al. [22] published that those output power 
levels can be handled in CW operation by the coaxial-cavity gyrotron tech- 
nology. Compared to the hollow-cavity gyrotron technology as used for e.g. 
Wendelstein 7-X and ITER, the coaxial-cavity gyrotrons allow the operation 
at even higher order modes and therefore at higher output power levels. An 
operation at higher order modes is possible by the use of a coaxial-insert, which 
reduces the mode competition in the cavity. The mode competition is reduced 
due to the mode selectivity of the corrugated inner conductor (insert) [23]. 
Piosczyk et al. [24], Rzesnicki et al. [25] and Gantenbein et al. [26] have al- 
ready shown the potential of the coaxial-cavity gyrotron in first experimental 
results obtained with the modular 170 GHz 2 MW short-pulse coaxial-cavity 
pre-prototype at pulse length of 0.6 ms and an output power of 2.3 MW. 


1.3 Scope of this work 


Nevertheless, the coaxial-cavity gyrotron technology has not been verified at 
longer-pulses above a few ms until today. 


Objectives 


The main objective of the present work is the verification of the coaxial-cavity 
technology at steady-state (thermal equilibrium) operation which will prove 
the long-pulse capabilities and requirements of a coaxial-cavity gyrotron. One 
of the main project requirements is to keep the modularity of the gyrotron, 
which opens the path of a cost-effective in-house manufacturing and the re- 
placement of advanced components during the development. In order to reach 
the steady-state operation, first, an advanced Magnetron Injection Gun has to 
be developed. Second, a water cooling system has to be exhibited and imple- 
mented. Third, a vacuum tight joining procedure which is compatible to the 
KIT facility has to be developed. 

The objective of an advanced Magnetron Injection Gun is the possibility em- 
ploying larger emitters in order to increase the output power. A further moti- 
vation is a simple and feasible design with a unique cooling capability and a 
simplified conformance of the gun design criteria, which are defined by Pago- 
nakis et al. [27]. 

Considering the mechanical and thermal limitations of a2 MW long-pulse 
gyrotron, for the first time, a modular cooling approach for each component 
should be developed. Here, different advanced cooling mechanism should be 
thermomechanically and experimentally evaluated. The focus is on the devel- 
opment of innovative and unique cooling approaches with significantly higher 
cooling efficiencies and simplified handling compared to the currently used 
concepts. 

In addition, advanced manufacturing processes and advanced brazing proce- 
dures should be developed for a KIT in-house compatible production. The 
focus should be spent to cost-efficient brazing, which represents a reliable al- 
ternative to the expensive gold and silver brazes. The influence of the process 
parameters should be investigated and optimized for a reliable and reproducible 
welding procedure. 


2 The gyrotron: fundamentals of 
operation 


The technological fundamentals of a gyrotron will be given in the follow- 
ing chapter. First, the working principles of the gyrotron key components 
are described. Second, a thorough introduction will be given of the genera- 
tion of proper electron beams in fusion gyrotrons with the focus on different 
Magnetron Injection Guns and currently used emitter technologies. 


2.1 The working principle of the gyrotron 


The gyrotron is a fast-wave vacuum electron oscillator, which is operating 
in the millimeter and sub-millimeter wavelength range. Current gyrotron 
developments (see e.g. Idehara [28]) extend the frequency range into the THz- 
regime. In Fig. 2.1 a schematic drawing of a gyrotron with its components is 
shown. The main components of a gyrotron are: the magnetron injection gun 
(MIG), the beam tunnel, the cavity, the launcher, the mirror box, the diamond 
output window, in case of a coaxial-cavity gyrotron the insert, the collector 
and the cold superconducting magnet. A more detailed introduction and com- 
prehensive overview is given in Gilmour [29] and Kartikeyan et al. [4]. 
Starting from the MIG a hollow electron beam is emitted from the heated 
emitter by temperature limited thermionic emission [4]. The electrons are 
accelerated between the cathode and anode by an applied voltage. Due to 
the externally applied magnetic field the electrons start to gyrate. Due to the 
two directions of motion the electrons move on a helix trajectory. Through 
the following beam tunnel the magnetic flux density By is increasing, which 
results in an increasing transverse velocity component vı. Due to the energy 
conservation an energy transfer from the parallel motion to the perpendicular 
motion takes place. This transfer is necessary because the interaction in the 
cavity takes place with the transverse electric field component. In the cavity 
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Figure 2.1: Sketch of a high power gyrotron with all the sub components. 


2.1 The working principle of the gyrotron 


the traveling electrons transfer a part of their transverse kinetic energy to the 
transverse electric mode which is close to its cutoff. Since the gyrotron inter- 
action takes place between an electron beam with a fast RF wave the gyrotron 
is considered as a fast-wave device. This allows to design the cavity-structure 
as a multiple of the wavelength and leads to a much higher power handling 
capability. The generated electromagnetic wave in form of a higher order 
mode, e.g. TE34,19 travels into the direction upwards to the quasi optical mode 
converter. The mode converter consists of a launcher and several focusing 
mirrors. In the quasi optical mode converter the TE mode is converted into 
a gaussian mode. More detailed investigations and fundamentals of the quasi 
optical mode converters are presented by Flamm [30] and Jin et al. [31] [32]. 
The gaussian mode exits the gyrotron through the chemical vapor deposited 
diamond disc (CVD disc). The electron beam travels towards the collector 
where a part of the residual energy is recovered from the electrons. Externally 
installed sweeping coils sweep the electron beam. This procedure lowers the 
maximum wall loading at the collector and increases the lifetime. 


The energy exchange in the gyrotron 


The trajectories of the electrons have been already discussed in the former 
section. The gyration behavior of the electrons is extensively described by 
Ginzburg [33] and can be described by using the cyclotron frequency, as 
shown in Eq. (1.4). The relativistic Lorentz factor y can be formulated as (see 
e.g. Oak [34]): 


1 Wein Wkin 
= =1+ slt r 2.1 
2 1-2 mec? 511 keV N 


with the kinetic energy Wx;„ in keV. If a synchronous RF field is superimposed 
on a static magnetic field w = Q. some electrons will be decelerated and 
transfer energy to the RF field, others against it are accelerated and gain 
energy, depending on the phase position of the RF field (see Jelonnek [35]), 
as shown in Fig. 2.2. Electrons, which release energy, become lighter and the 
cyclotron frequency is approaching the RF-frequency and remains longer in 
the resonance conditions. Electrons, which gain energy, increase the frequency 
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Figure 2.2: Phase focusing of electrons in an RF-field in the gyrotron cavity [35]. 


difference and change faster the position relative to the phase of the field. These 
electrons are moving in a more favorable phase position [4]. If the change in 
the cyclotron frequency is large enough (due to the relativistic behavior), the 
electrons will accumulate in the decelerating field for a certain time were they 
release energy [35]. This process is called bunching [36]. If the bunched 
electrons remain too long in the RF-field, the electrons gain energy from the 
RF-field back. This effect is called overbunching, see e.g. Jory et al. [37]. 
The kinetic energy of the electrons during the interaction with the RF-field is 
shown in Fig. 2.3. The electrons cross the defined interaction region with 
the velocity vj. The interaction time t when the electrons pass the cavity is 
limited. The time r has to be selected that overbunching will be prevented. 
The electrons are moving relatively to the RF-field, therefore the frequency w 
is shifted by a Doppler term [36]. The resonance condition is: 


w—kyvy = Qe (2.2) 
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Particle Kinetic Energy Ex [keV] 


Figure 2.3: Energy level of electrons during the interaction with the RF-field [38]. 


Based on Eq. (2.2) it becomes clear, that the oscillation frequency of the RF- 
field have to be somewhat larger than the electron cyclotron frequency, so that 
a bunching can occur [35]. The dispersion hyperbola is defined as 


w = coafk? + k2 (2.3) 


of the single modes together with the beam lines can be entered into the so 
called Brillouin diagram, as done e.g. in Edgecombe [39] and Flamm [30]. 
Possible oscillation frequencies arise from the intersections and points of con- 
tact. In the Brillouin diagram, as shown in Fig. 2.4, possible operating points 
are highlighted. At point 1 ky is small. Here the operating frequency in the 
waveguide is close to cut-off. This operating point marks a typical gyrotron 
interaction point. For ky < 0, a backward wave at the first harmonic is shown. 
The point | and 3 are forward waves at the first and second harmonic, respec- 


tively. The corresponding theories are precisely described in Jelonnek [35] 
and Kern [40]. 
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Figure 2.4: Dispersion diagram of three possible operating modes with the electron beam line 
(red) and the speed of light. 


2.2 Fundamentals of coaxial-cavity gyrotrons 


The main advantages of the coaxial insert are the better mode selectivity 
at first place [40]. In addition, the coaxial-cavity gyrotron offer reduced 
voltage depression in gyrotrons. Here, the voltage depression AV reduces the 
acceleration voltage Vace by Vp [4,36] and is strongly dependent on the cavity 
and insert geometry, according to 


Re 


Ip/A (2) in (3) 


AV = |Vace — Vp| =~ -60V - —— In 
a(t 


Bi 
The radii of the insert and the cavity are denoted as R; and Rr. The beam 
current as J; and beam radius as Rp. The voltage depression has a significant 
influence to the resonance conditions and the pitch factor œ. With increasing 
voltage depression the pitch factor is increasing and mirroring of the electron 
beam can be a problem, as stated in e.g. Beringer [36]. In addition, the 
velocity spread in axial direction will increase, which lowers the electron beam 


R, 


(2.4) 
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quality. Therefore, the maximum achievable beam current can be derived for 
the limiting case 6 — 0 [4,40]: 


By 
lim = 170704 - u (2) 1B) (2.5) 
21n ( # z): ES 


Based on the parameters of the KIT coaxial-cavity gyrotron, the dependency 
of the voltage depression and limiting current versus the radius of the insert R; 
is presented in Fig. 2.5. The beam radius is Rẹ = 10.0 mm, the cavity radius 
Rr = 32.5 mm, the relativistic factor y = 1.17, the beam current J, = 75 A, 
and £ = 0.32. For conventional gyrotrons without a coaxial insert R; > 0 
the voltage depression AV is significantly higher compared to a coaxial cavity 
gyrotron, as shown in Fig. 2.5. Consequently, the limiting current is smaller 
in conventional gyrotron configurations. There is a limit for the voltage de- 
pression of a conventional gyrotron that is determined by the electron beam 
properties and gyrotron geometry. 

However, in CW operation the electron beam tends to neutralize partly due 
to ions in the vacuum. In this condition, the voltage depression of a partly 
neutralized electron beam in a hollow cavity is of the same level compared 
to the depression voltage of a non-neutralized beam in a coaxial-cavity gy- 
rotron, see Franck [41]. The partially neutralization effect was investigated by 
Schlaich et al. [42,43] and Pagonakis et al. [44]. Here, a maximum value of 
about 60 - 70 % neutralization can be expected. 

As aresult, the coaxial cavity gyrotron is the only approach for the operation in 
the multi-MW class regime and above. Therefore, KIT is pushing the coaxial 
gyrotron technology towards a DEMO relevant design. 


2.3 The generation of the electron beam 


In the previous section the energy exchange in gyrotron cavities was briefly 
discussed. For an efficient interaction a well-defined electron beam of highest 
quality is necessary. Therefore, the relevant key components and parameters 
of a MIG will be discussed in the following sections. 
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Figure 2.5: Voltage depression and limiting current versus the radius R; (1 mm to 8 mm) of the 
coaxial insert in short-pulse operation. 


2.3.1 The magnetron injection gun 


In gyrotrons, Magnetron Injection Guns (MIG) are used for the generation of a 
helically shaped hollow electron beam. In Fig. 2.6 the axial cross-section of a 
MIG with coaxial insert is shown, including the main elements. The electrons 
leave the heated emitter by a thermionic emission. More details are presented 
in Zhang [45], Bretting [46] and Eichmeier [47]. The electrons are accelerated 
towards the anode due to a high electric field. The parallel and transverse 
velocity components (v, and vj) are related to the nearly radial electric field 
and nearly axial magnetic field in the emitter region [29]. The velocity ratio 
between the transverse and parallel velocity is called pitch factor a. 
Vi 


a=— (2.6) 
vI 


The electron beam should have a pitch factor as high as possible, so that a 
high RF output efficiency can be achieved, see e.g. Manuilov et al. [48]. The 
MIG forms a helical electron beam with a significant spread of the transverse 
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Figure 2.6: Cross section of a gyrotron in triode configuration. 


and parallel electron velocities. A detailed introduction in electron beam 
generation and parameters is given in Tsimring [49] and Zapevalov et al. [50]. 
In a first approximation at the interaction region the normalized transverse 
velocity 6, /c depends on the operating and geometrical parameters [4]. 


Bu zx _! Br eos) = £ Be š Eg cos (YEB) (2.7) 


Y: co BE Y: co \ B} 


Here, pgg describes the angle between the magnetic field direction and the 
emitter surface. It can be seen, that by variation of the magnetic field config- 
uration in the emitter region, the pitch factor can slightly be tuned. The pitch 
factor is varying between different electron trajectories which causes a velocity 
spread in a. The transverse spread in a can be estimated by [14]: 


Ao = (1 + a) aR) (2.8) 
Here, öß is the root-mean-square (rms) value of the normalized transverse 


velocity component 6, = v,/c and ag is the mean value of the velocity ratio. 
Possible reasons for an increased spread are [4]: 
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Related to the construction and misalignment: 


e Inhomogeneous electric field distribution at the emitter surface. 
e Slant angle of the emitter. 


e Misalignment in the beam forming components (emitter, cathode, anode, 
body and magnet). 


Related to emitter technology: 


e Inhomogeneous emitter temperature distribution. 


e Surface roughness of the emitter. 


The magnetic flux density is increasing from the emitter position Bg towards 
the beam tunnel and cavity Bc. During the increase of the magnetic flux density 
the beam is compressed from the emitter radius Rg down to the average beam 
radius at the cavity Rc based on the adiabatic compression. Here, energy is 
transferred from the longitudinal to the transverse velocity component, which 
results in an increasing pitch factor œ towards the cavity. The compression 
ratio b and its dependency is given as [4, 29]: 


_ Be _ [RE i 
boa (3) (2.9) 


In addition, the thickness of the electron beam is also reduced by the increasing 
magnetic flux density [14]. 


RB,max = RB min 
Vb 


The phenomenon of the beam compression is called adiabatic compression 
and can be derived from the Busch Theorem, see Groening et al. [51]. 

All the previously mentioned parameters have to be considered during the 
design and development of a MIG. The main MIG types which are used 
in fusion gyrotrons and gyrotron prototypes are the conventional MIG, the 
conventional coaxial-cavity MIG and the inverse MIG. The actual differences 
as well as advantages and disadvantages are discussed below. 


ARp = (2.10) 
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Conventional magnetron injection gun: diode type versus triode type 


The conventional MIG can be classified into two types, the diode type MIG and 
triode type MIG. The diode configuration has the advantage of a simple and ro- 
bust structure and a reliable operation. The triode configuration, implemented 
e.g. in Kumar et al. [52] and Kajiwara et al. [53] has an additional modulation 
anode (see Fig. 2.7). This additional anode provides the possibility to adjust the 
electric field at the emitter surface, without a change in the beam voltage. The 
variation of the modulation anode potential allows a better control ofthe beam 
parameters, especially of the pitch factor a. However, in triode configuration 
an additional power supply is required, which increases the maintenance and 
operational costs. Diode type MIGs are the most common implemented guns 
in European, Russian and USA high power fusion gyrotrons, which are being 
applied in W7-X and ITER gyrotrons. 


Coaxial-cavity magnetron injection gun 


The MIG configurations, as shown in Fig. 2.7, can be expanded by a coaxial- 
insert (Fig. 2.8). The differences and limitations of a diode and triode approach 
in a coaxial cavity gyrotron is presented in Rode et al. [54]. In this configuration 
an additional ceramic has to be installed to isolate the insert from the cathode. 
The insert has to be aligned after each reassembly. However, the performance 
of the coaxial-cavity MIG is independent of the insert. 
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Figure 2.7: Configuration of a conventional diode type MIG (a) and triode type MIG (b). 
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Inverse magnetron injection gun 


In addition to the conventional MIG an alternative approach is the inverse 
Magnetron Injection Gun, which was already investigated in Ruess et al. [55] 
and Lygin et al. [56] (as shown in Fig. 2.9). The inverse MIG, published 
in Lygin et al. [56], is using a similar geometrical structure compared to a 
conventional MIG, however, with the installation of an inverse emitter. The 
main difference to the conventional MIG is the emission towards the symmetry 
axis. The cathode in the present advanced inverse MIG configuration is placed 
at the outside and can be cooled directly by the isolation oil, which leads to 
a more optimum cooling mechanism and consequently to a lower temperature 
of the thermally loaded components. Furthermore, by keeping the same MIG 
diameter, the emitter in the inverse MIG can be significantly larger designed, 
due to the structural conditions of the outside positioned cathode. This main 
advantage of the inverse MIG offers the possibility for a higher beam current 
keeping the current density the same. Furthermore, by keeping the emitter 
radius constant the construction of an inverse MIG is more compact and a 
smaller and cost-efficient superconducting magnet can be used. Numerical 
investigations and thermomechanical simulations of an advanced inverse MIG 
will be presented in Section 3.2. 
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Figure 2.8: Diode type and triode type Magnetron Injection Gun in coaxial-cavity configuration. 
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Figure 2.9: Schematic representation of the coaxial Inverse Magnetron Injection Gun. 


2.3.2 Emitter technologies 


The emitter is usually made from a porous tungsten ring with an impregna- 
tion [46,57] atthe emitting surface. The pores of the tungsten bar are filled with 
a mixture of Al203, BaO and CaO. The commonly used impregnation mixtures 
are B-type and S-type. The B-type impregnation consists of a mixture of 5 
moles of BaO, 3 moles of CaO and 2 moles of Al20; with a designation of 
5:3:2 (work function of 2.13 eV) [29,46]. The S-type emitter consists of a 
4:1:1 (work function of 2.08 eV) designation. There are two types of emitter 
technology available off-the-shelf. The standard emitter technology (S- and 
B-type) and the M-type emitter. These M-type emitters are coated with Os, 
Os-Ru, Ir or Re [46]. Here, the coating layer, which is placed on top of the 
emitter surface, has a thickness of ~5000 Angstroms. The usual work function 
of a M-type emitter is 1.9 eV [46]. An additional emitter material is Lan- 
thanum Hexaboride (LaB6), which is commonly used in Russian gyrotrons. 
The work function is 2.6 eV. However, the vapor pressure is higher compared 
to dispenser emitters, which is related to the higher operating temperature of 
around 1400 °C. 

For defined electron trajectories the emitter has to be operated in the temper- 
ature limited regime [4]. In case of the space charge limited operation, an 
electron cloud is generated in front of the emitter, which reduces the electric 


19 


2 The gyrotron: fundamentals of operation 


field strength at the emitter surface. Eichmeier et al. is presenting in [57], 
that in temperature limited operation, the beam current is strongly dependent 
on the emitter temperature and the Schottky effect. With increasing tem- 
perature the emitter current is increasing which can be seen in the following 
Richardson-Dushman equation: 


J = AuT?e iT A/m? (2.11) 


However, in the same way the lifetime is significantly decreasing. This effect is 
related to the increasing evaporation rate of BaO with increasing temperature. 
The beam current density of today's dispenser cathodes is about 4 to 5 A/cm’, 
see Gaertner [58]. The nominal operating temperature at the emitter surface 
is 1000 °C, with a lifetime of 10* hours (M-type) [58,59]. The current density 
can be doubled by increasing the emitter surface temperature to 1100 °C. Here, 
the expected loss in lifetime amounts 50 % [58]. 


2.3.3 Thermionic emitters for the generation of high 
current beams 


Electron emission is already starting at temperatures larger than O K. Here, 
some electrons gain enough energy to overcome the work function and leave 
the emitter surface. As an example, Gilmour is writing in [29] that the average 
thermal energy of an electron at room temperature is 1/40 eV. However, the 
work function of a B-type emitter is 1.8 eV [45,60]. Therefore, it becomes 
understandable, that the emitter temperature has to be significantly higher 
than room temperature in order to achieve the desired beam current. For the 
common used M-type emitters the nominal operation temperature is 1000 °C 
at the emitter surface and 1300 °C at the emitter filament. 

The energy level of electrons in the emitter and vacuum area is shown in 
Fig. 2.10 [29]. At the emitter, the electron energy level shows a parabolic 
behavior, which is related to collisions with adjacent atoms. The top part of 
the energy levels merge to the conduction band [29]. For emission, the electrons 
have to overcome the difference between the top-level of the conduction band 
and the vacuum level, which is known as the work function e®. The usual 
temperature of common thermionic cathodes are between 600 °C and 2200 °C, 
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Figure 2.10: Energy level of electrons near the emitting surface [29]. 


as stated in Gilmour [29] and Becker [61]. At these operating temperatures, 
the work function is 20 times higher than the average thermal energy of the 
electrons. Ifa small amount of the available electrons in the emitter overcome 
the work function, it is already sufficient to achieve the required operating 
beam currents. 

In the Richardson-Dushman equation, as shown in Eq. (2.11), the electron 
emission takes place by a thermionic emission. The effect of an electric field at 
the cathode has not been taken into account. In the experiment, it is found out, 
that an applied electric field increases the electron emission, which is known 
as the Schottky effect. The reason for an increasing electron emission is the 
reduction of the energy barrier, which an electron has to overcome to leave the 
emitter surface. That means, that the applied electric field reduces the work 


function by 
Ad = eġ — eU (2.12) 


U describes the voltage between anode and cathode. The modified Richardson- 
Dushman equation can be written as [29, 39]: 


e($-U) 


J = AoT? e kate (2.13) 
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The main emitting mechanisms in a thermionic cathode are summarized in 
Fig. 2.11. The current is space charge limited at low voltages. In this case, the 
electrons are in a none well-defined trajectory, which is related to the genera- 
tion of a space charge cloud in front of the emitter surface and a reduction of 
the electric field [29]. Therefore, this kind of operation is not suitable for an 
efficient gyrotron operation [29]. With increasing voltage the emission goes 
into the temperature limited operation. The beam current can be mainly in- 
creased by increasing the emitter temperature, however with increasing voltage 
the beam current is slowly increasing due to the Schottky effect [29]. It has to 
be mentioned that the Schottky effect has only a small influence regarding an 
increasing beam current. With even higher voltages the field emission occurs. 
This kind of emission is related to extremely high electric field strength at the 
emitter surface, which results in a significant increase of the beam current [29]. 
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Figure 2.11: Summary of different emitting mechanism in thermionic cathodes [29]. 
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3 Investigation of magnetron 
injection guns for future 
multi-megawatt long-pulse 
operation 


The key component of the gyrotron is the Magnetron Injection Gun (MIG). 
The MIG forms the electrons into a helical beam with the beam properties 
required for an efficient interaction. 

In order to reach the desired long-pulse operation in the multi-MW output 
power range, an advanced MIG has to be developed which satisfies the long- 
pulse relevant requirements. These are: 


1. Larger emitter surface to increase the beam current for a given emission 
current density and lifetime. 


2. Advanced cooling approach and material composition to lower the tem- 
perature and thermal expansion of thermally loaded components in order 
to guarantee a CW operation. 


3. The advanced MIGs has to satisfy the gun design criteria, which are 
defined by Pagonakis et al. [62]. 


The Magnetron Injection Guns, which are presented in this chapter, are de- 
signed for the KIT coaxial-cavity 2 MW 170 GHz long-pulse gyrotron and 
simulated with the electron trajectory code ARIADNE, which is published in 
Pagonakis et al. [38]. For an efficient gyrotron interaction, an appropriate elec- 
tron beam is required which has to fulfill the design criteria and requirements 
at the cavity center [62], which are listed in Tab. 3.1. 
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Table 3.1: Appropriate electron beam parameters at the cavity center for the KIT coaxial-cavity 
2 MW 170 GHz long-pulse gyrotron. 


Beam Average Radius R, [mm] 10.0 
Beam Thickness Ar, at 170 GHz [mm] 0.35 
Pitch Factor œ 1.2-1.4 
Velocity Spread 66; minimized 
Beam Energy Vp [keV] 90 


3.1 Towards an optimized conventional 
magnetron injection gun design 


A conventional MIG with coated emitter edges was already developed at KIT 
for the coaxial-cavity 2 MW 170 GHz gyrotron, see Pagonakis et al. [63]. 
The main advantage of the emitter coating is the reduced sensitivity regarding 
tolerances and misalignment. For scientific reasons, it was decided to built- 
up the conventional MIG in triode configuration. However, for an operation 
in a DEMO power plant the complexity should be minimized. Therefore, a 
conventional MIG with coated emitter edges in diode configuration will be 
systematically investigated. 


3.1.1 Design and integration 


The mechanical design of the conventional MIG can be seen in Fig. 3.1. The 
MIG is of triode type with a modulation anode on ground potential. Com- 
pared to the previously existing coaxial-cavity MIGs, the present design has 
anti-emission coated edges (green highlighted in Fig. 3.1) [65]. The significant 
advantage of the coated emitter edges is the reduction of the sensitivity regard- 
ing the manufacturing tolerances and radial thermal expansion of the emitter. 
The coating prevents the emission from the emitter edges, where a field en- 
hancement and therefore the possibility of magnetically trapped electrons exist. 
Tolerance studies of the radial emitter position without an anti-emission have 
confirmed that even tolerances of some microns becomes critical. These fun- 
damental numerical results are presented in Pagonakis et al. [65]. Here, the 
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MIG Anti-emission MIG 
prolongator coating nose 


Figure 3.1: Advanced emitter with anti-emission coating (highlighted in green) for suppression of 
electron emission with high pitch factor from the edges [64]. 


electrons emitted from the emitter rims have a high pitch factor a, which is 
related to the field enhancement. Due to the magnetic compression the pitch 
factor œ of these electrons is further increasing and mirroring can occur. A 
mathematical introduction is given in Sec. A.1. Some trapped electrons gain 
energy and have therefore enough energy to bombard the cathode and emit sec- 
ondary electrons from the MIG prolongator and anode. At these regions, the 
electric field is enhanced which also leads to magnetically trapped electrons. 
As time progresses, the number of electrons will increase and forms a so-called 
beam halo. Therefore, possible secondary electrons emitted from the prolon- 
gator (as shown in Fig. 3.2 and Fig. 3.3 with an electron trajectory number > 
118) have to be captured by the anode in order to suppress the trapping effect. 
In these figures, the electron trajectories are numbered in ascending order from 
the MIG nose to the MIG prolongator. Electrons with an electron trajectory 
number of 78 reach the maximum pitch factor of 2.35. This is related to the 
locally increasing electric field strength at the cathode nose. At the emitter 
position the pitch factor is approximately decreasing by 0.4, which is related 
to the by 70 um embedded emitter. 
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Figure 3.2: Physical design ofthe new conventional Magnetron Injection Gun operating in the long- 
pulse coaxial-cavity 2 MW 170 GHz gyrotron. The real electron beam is highlighted 
in green. Possible secondary electron trajectories are highlighted in red. 
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Figure 3.3: Pitch factor distribution (triode) of possible secondary electrons simulated in the cavity, 
which are emitted from the cathode surface. 
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3.1.2 Numerical investigations of a diode design 


The already presented conventional MIG is of triode type. However, due to 
the increasing complexity during operation, it is not a promising solution for 
the operation in an industrial gyrotron. Therefore, a diode was developed for 
the very first time, which satisfies all the gun design criteria and is compatible 
to the conventional cathode with coated emitter for an operation at 170 GHz. 
The numerical analysis was performed with the in-house code ARIADNE. In 
Fig. 3.4 and Fig. 3.5 itcan be seen that there are no trapped electrons between the 
MIG and cavity. A highlight is the very low maximum pitch factor of possible 
secondary electrons of 2.4, which is in the same level compared to the triode 
configuration. The maximum pitch factor is reached by electrons emitted from 
positions with a trajectory number of 10 (cathode nose front side), 24 (cathode 
nose outside) and 53 (cathode prolongator). This is additionally related the 
geometrical cathode curves and the corresponding electric field enhancement. 
In addition, the emitter is also embedded by 70 um, which results in a lower 
pitch factor of the electrons emitted from the emitter position. 
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Figure 3.4: Advanced diode design, which is compatible to the cathode with coated emitter edges. 
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Pitch Angle 
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Figure 3.5: Pitch factor distribution of secondary electrons emitted from the cathode under con- 
sideration of a diode operation. 


3.2 Design of anew compact inverse magnetron 
injection gun 


In Section 3.1 an advanced conventional MIG with coated emitter edges has 
been presented. Based on the geometrical limitations, the emitter diameter 
cannot be increased by keeping the same outer MIG diameter. Even more, 
due to the conventional design, there is no optimization potential to reduce the 
thermal loading at the beamforming components. Therefore, in the follow- 
ing section, a completely new approach of an advanced and compact inverse 
MIG will be presented. This advanced and compact inverse MIG enables the 
implementation of a 16.8 % larger emitter compared to the currently used con- 
ventional MIG. In addition, with the inverse MIG approach and the optimized 
cooling capabilities the temperature of the beam forming components can be 
reduced from approximately 600°C down to 110°C. 
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Table 3.2: Simulated electron beam parameters in the cavity. 


Guiding Center Radius Rg [mm] | 10.0 


Beam Thickness Ar, [mm] 0.3 
Pitch Factor œ 1.3 
Velocity Spread 66; [%] 2.4 


3.2.1 Physical design 


The fundamental principle of an inverse MIG for coaxial-cavity gyrotrons 
has been presented already in Advani et al. [66] and Lygin et al. [56]. The 
design proposed in the present work follows that basic principle. However, 
the proposed new inverse MIG design proposal is significantly more compact, 
which allows the installation of an emitter with a 6 mm larger diameter com- 
pared to conventional MIG implemented in the short-pulse coaxial-cavity pre- 
prototype. Furthermore, compared to the inverse MIG presented in [56, 66], 
the new inverse MIG design opens the path for a more efficient cooling of 
the beamforming components. In addition, it is matching the design of the 
EU 2 MW 170 GHz coaxial-cavity gyrotron, which is defined in e.g. Rzes- 
nicki et al. [25]. The demanded beam parameters for this 2 MW gyrotron are 
presented in Tab. 3.3 [25]. A sketch of the proposed type of the inverse MIG 
is shown in Fig. 3.6. 

The proposed design of an inverse MIG was optimized by using the self- 
consistent, electrostatic trajectory 3D code ARIADNE [38]. The optimization 
was realized for the cathode, body, insert and modulation anode to minimize 
the electron velocity spread of the electron beam and to provide the appropriate 


Table 3.3: Nominal operating parameters of the KIT coaxial-cavity 2 MW 170 GHz long-pulse 
gyrotron. 


Beam Voltage Vpeam [kV] 90 
Beam Current Jp [A] 75 
Cavity Magnetic Field B.,,, [T] | 6.86 
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Figure 3.6: 3D Sketch of the designed inverse Magnetron Injection Gun. 
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electron pitch factor, beam thickness and beam radius at the cavity. In addition, 
the MIG was optimized to suppress the trapping mechanism and prevent the 
resultant beam Halo electrons. The structure of the proposed design including 
the magnetic field lines and the electron beam trajectories are shown in Fig. 3.7. 
Fundamental for the design of the inverse MIG is the emission of the electrons 
from the emitter inwards, towards the axis of the gyrotron. 

As a main advantage the compact inverse MIG design allows the installation 
of a larger emitter area without to increase the outer diameter of the MIG. In 
the present inverse MIG design, the emitter radius is 62 mm with a horizontal 
thickness of5 mm. The emitter has a tilt angle of 25 degrees regarding the axis 
of the tube. Compared to the conventional coaxial-cavity MIG the emitter sur- 
face of the inverse MIG is 16.8 % larger (comparison shown in Tab. 3.4), which 
is related to the compact approach and the consequent possibility to implement 
a larger emitter. Considering the usual current density of J, = 4 A/cm’, the 
current can be increased from 75 A (nominal conventional MIG) up to 87.6 A, 
with the same lifetime. 

A step forward in the MIG history is the advanced concave shaped cathode, 
which reduces further the electric field and suppresses the generation of a beam 
halo. This fundamental idea has been realized for the first time in MIGs. 

One of the main inverse MIG highlights is the direct cooling possibility of the 
outside positioned cathode. Here, the cooling efficiency can be significantly 
increased which results in a decreasing temperature and smaller thermal expan- 
sion of the beam-forming components. The improvements will be discussed 
in detail in Sec. 3.2.3. 


Table 3.4: Comparison of the physical parameters between the compact inverse MIG and the 
conventional coaxial-cavity short-pulse MIG (conventional MIG) 


Geometrical parameters of the emitter | inverse MIG | conventional MIG 


Center radius [mm] | 62.0 59.0 


Horizontal thickness [mm] 5.0 4.5 
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Figure 3.7: Geometrical shape of the electrodes with magnetic field lines and electron trajectories. 


3.2.2 Suppression of trapped electrons 


Trapped electrons and potential wells [67] in the gun region have a significant 
influence on the performance and stability of a gyrotron. With the new inverse 
MIG design trapped electrons can be much easier suppressed, which is related 
to the modulation anode and the concave cathode shape shown in Fig 3.8. 
Trapped electrons in the gyrotron can be caused by [62]: 


1. Magnetically trapped electrons, which leads to the generation of a beam 
halo (already discussed in Section 3.1.1). 


2. Potential wells, which leads to an accumulation of electrons or ions. 


The generation and avoidance of the already mentioned effects will be discussed 
following. 
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Suppression of the beam halo 


The electron beam halo is generated by magnetically trapped beam electrons 
between the MIG and the cavity. The main reason for magnetically trapped 
electrons is the secondary electron emission from the cathode which is caused 
by the emitter misalignment [27]. The following criteria prevent trapped 
electrons [55, 62]: 


1. Magnetic field line does not cross the same equipotential line twice 
(magnetic potential well). 


2. Secondary electrons emitted from the cathode surface are not magneti- 
cally trapped. 


3. All electrons emitted from the cathode surface and passing through the 
cavity have a pitch factor smaller than @«max=2.63 (inverse MIG specific). 


In order to suppress magnetically trapped electrons (item 2 and 3), all electrons 
from high electric field regions are gathered by the modulation anode and body 
(anode) as shown in Fig 3.8 and Ruess et al. [55]. Here, the modulation anode 
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Figure 3.8: Trajectories of electrons emitted from the whole cathode structure (emitter electrons 
in green, possible secondary electrons in red) [55]. 
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and body are located close to the main electron beam. Even more, the shape 
of the modulation anode and body reduces the electric field at the cathode pro- 
longator and nose. A step forward in the MIG history is the advanced concave 
shaped cathode, which reduces further the electric field and suppresses the 
generation of a beam halo. This fundamental idea has been realized for the 
first time in MIGs. Due to the concave shape of the cathode the pitch factor 
of those secondary electrons (Fig. 3.9) at the cavity is smaller than a < 1.4. 
In this case, the electrons emitted by the emitter have the highest pitch factor. 
This is a huge advantage in operation and was published in Ruess et al. [55] 
for the first time. Therefore, the inverse MIG satisfies the gun design criteria 
for the suppression of the trapped electrons [62]. 

The trajectories of possible electrons (main beam electrons and secondary elec- 
trons) emitted from the cathode surface are shown in Fig. 3.8 (emitter electrons 
in green, possible secondary electrons in red). The body and modulation anode 
were designed so that possible secondary electrons emitted from high electric 
field cathode regions are absorbed by them. Possible secondary electrons with 
an electron ID > 128 in Fig. 3.8 are guided by the magnetic field lines to- 
wards the body, while electrons emitted from the cathode prolongator with an 
electron ID < 52 are gathered by the modulation anode [55]. Here, secondary 
electrons which are emitted from the cathode surface close to the emitter ring 
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Figure 3.9: Pitch factor of the cathode electrons, simulated in the cavity center [55]. 
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can pass the modulation anode and body towards the cavity and collector. The 
maximum permissible pitch factor which guarantees no magnetically trapped 
electrons is for the present inverse MIG design @max = 2.63. The calculation 
of the maximum pitch factor is based on the equation presented in [62] and the 
assumption of an acceleration voltage Uace = 90 kV, magnetic compression of 
b = 38.4 and an initial transverse kinetic energy of Eo,kin = 10 eV. 


Investigation of potential wells 


In addition to the magnetically trapped electrons, electrons can also be trapped 
in a potential well. This effect is also described in Pagonakis et al. [62]. The 
simulation of the present inverse MIG has shown a potential well in the region 
close to the modulation anode with a depth of 10 kV, as shown in Fig. 3.10. 
This potential well can be avoided by reshaping the modulation anode in a 
way that the equipotential lines are parallel to the magnetic field lines, as it is 
shown in Fig. 3.11. By the optimized modulation anode shape the potential 
well can be significantly reduced to 60 V. However, by decreasing the depth 
of the potential well, the beam quality is decreasing significantly due to the 
modified modulation anode shape [55]. 


0.09 10 

0.08 
as. OY 8 = 
E = 
= 0.06 a 
5 6 8 
= 0.05 = 
8 > 
£ 0.04 = 
= res 
3 003 = 
= 902 3 

0.01 Case 1 Insert 

0 0 


Figure 3.10: Investigation of potential wells in the inverse MIG with the nominal modulation anode 
design [55]. 
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Figure 3.11: Inverse MIG with a modified modulation anode, which suppresses the potential 
well [55]. 


Operational margin 


The beam parameters of the inverse MIG were optimized for a purely axial 
magnetic field at the emitter. However, modern MIGs are operating over a 
wide magnetic field angle margin at the emitter, which can be adjusted by the 
gun coils. Using this possibility the beam parameters œ and ôf; can be varied. 
The operational range of the inverse MIG is between -4 and +4 degree in order 
to satisfy the limitations of the gun coil currents. For all simulated magnetic 
field conditions at the emitter, the beam radius in the cavity center remains at 
10 mm. In the nominal case (0 degree) the pitch factor is 1.3 with a spread 
Of; of 2.4 % [55], as shown in Fig. 3.12. The pitch factor is increasing with 
increasing magnetic field angle up to a pitch factor of 1.35 at +4 deg [55]. The 
pitch factor variation is mainly influenced by the E x B variation [55]. The 
global minimum of the spread 6; is 1.5 % at an emitter angle of -3 deg. With 
decreasing spread 6; the electron beam quality is improved. 

The full operational map for an electron beam radius in the cavity center 
between 9.8 mm and 11 mm is shown in Fig. 3.13. The pitch factor depen- 
dency regarding the magnetic field angle at the emitter is getting smaller with 
increasing beam radius in the cavity. This is mainly related to the shape of 
the beam-forming components and the distance between the electron beam 
and the MIG components. It can be seen, that there are many possible op- 
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Figure 3.12: Pitch factor and velocity spread in case of a varying magnetic field line angle at the 
emitter region [55]. 
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Figure 3.13: Map of the pitch factor distribution for different beam radius and magnetic field 
configurations. 
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erating points considering possible pitch factors between 1.2 and 1.4. This 
advantage is mainly related to the triode configuration and the flexibility of 
the superconducting coils. Furthermore, with the magnetic field angle the 
laminarity of the electron beam can be adjusted. In Fig. 3.14, the shape of the 
electron beam close to the emitter ring for a magnetic field angle smaller than 
0 degree, equal 0 degree (nominal case) and larger 0 degree are plotted [55]. 
For negative beam angles the beam is of laminar type because the trajectories 
are not intersecting. In the nominal case quasi-laminar, while for > 0 degree 
the beam is non-laminar since the electron trajectories are intersecting each 
other [55]. It has to be mentioned that only the first 3 gyrations of the electron 
trajectories are investigated for the definition of the laminarity. 

In addition, it has to be checked if in the operational magnetic field range 
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Figure 3.14: Beam trajectories at the emitter for different magnetic field configurations [55]. 
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possible trapped electrons can be excited. The pitch factor of possible sec- 
ondary electrons for different magnetic field angles is shown in Fig. 3.15. In 
the nominal case (0 degree) the electrons which are emitted from the emitter 
indicate the highest pitch factor. However, operation at magnetic field angles 
of -6 deg, -3 and 5 deg have its maximum of the pitch factor distribution at the 
emitter neighboring regions. These electrons reach a pitch factor up to 2.2. 
However, all the sample electrons have a pitch factor which is smaller than the 
maximum safe pitch factor of œ = 2.63 [55] according to Pagonakis et al. [27]. 
The calculation of this maximum pitch factor is based on the assumption of 
an acceleration voltage U, = 90 kV, magnetic compression of b = 38.4 and an 
initial transverse kinetic energy of Eoy = 10 eV. Therefore, the inverse MIG 
satisfies the gun design criteria for suppression of the beam halo over the 
overall magnetic field margin [55]. 
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Figure 3.15: Pitch factor distribution of the cathode sample electrons for different magnetic field 
configurations from the cathode nose, emitter and prolongator [55]. 


3.2.3 Thermomechanical considerations 


For an efficient gyrotron interaction the electron velocity spreads have to be 
minimized. A significant contribution to the misalignment is the thermal ex- 
pansion of thermally loaded MIG components. Therefore, an advanced cooling 
approach was developed for the inverse MIG, which leads to a 5 times lower 
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temperature of the beamforming components compared to conventional MIGs. 
To compensate and to reduce the thermal expansion, advanced material com- 
positions were simulated by the COMSOL program [68]. The final material 
composition can be seen in Fig. 3.16. The emitter is embedded in the cathode 
nose and prolongator. These components, as well as the modulation anode, 
are made of molybdenum. Molybdenum has a high work function of 4.16 eV, 
which avoid the unwanted electron emission from these regions. In addition, 
molybdenum has a high thermal conductivity of 138 W/mK with a small ther- 
mal expansion coefficient of 5.2x10~° 1/K. To prevent a heat accumulation in 
the molybdenum components the connection parts are made of Copper Chrome 
Zirconium (CuCrZr). Therefore, the thermal heat can be efficiently transported 
to the isolation oil and the expansion of those components is minimal. For the 
inverse MIG it was decided to use CuCrZr instead of Copper. Usually, in all 
former MIG's oxygen free copper (OFHC) was the most preferable material 
instead of a copper alloy. CuCrZr exhibits an excellent heat conductivity of 
394 W/(mK) and a tensile strength of 200 MPa. The advantage is that the 
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Figure 3.16: Material composition of the inverse MIG, optimized for lowest heat loading. 
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tensile strength is by a factor of 2 higher compared to OFHC. Simultaneously, 
it keeps a similar heat conductivity compared to OFHC. In addition, CuCrCr 
is much easier to machine at the lathe [55]. 

The emitter unit is fixed on a mounting ring made of stainless steel. Due to the 
low thermal conductivity of stainless steel, the heat of the emitter is accumu- 
lated in the emitter, which results in a lower heating power of the emitter. 
Based on the material composition, the temperature and the resulting displace- 
ment and expansion of the inverse MIG design could be significantly reduced 
and verified in the simulations. The assumptions of the simulation are a cool- 
ing oil flow of 30 l/min between the inverse MIG and the inner wall of the 
superconducting magnet with an inlet temperature of 25 °C. The simulated 
temperatures (as shown in Fig. 3.17) and resulting thermal expansion of the 
critical gun regions (marked with P1-P3 in Fig. 3.18) are presented in Tab. 3.5 
and Tab. 3.6. It can be seen that the regions close to the emitter have a max- 
imum temperature of 126 °C, which corresponds to a thermal expansion of 
162 um in z-direction and 14 um in r-direction [69]. The modulation anode of 
the inverse MIG is located directly opposite of the emitter and is heated up by 
thermal radiation. The simulated modulation anode temperature is T = 41.6 °C 
with a radial expansion of ör = 3 um, see Ruess et al. [69]. The reason for 
the small thermal expansion is the use of materials with a high thermal con- 
ductivity (CuCrZr) and low thermal expansion coefficient (Molybdenum) and 
therefore the prevention of heat accumulation. In addition, the heat loading can 
be directly guided to the isolation oil, which is related to the fact that the cath- 
ode is positioned at the outside. Therefore, the proposed new inverse MIG has 
a significantly lower temperature and thermal expansion of the beam-forming 
components. 


Table 3.5: Thermal expansion of the cathode nose, cathode prolongator and modulation anode at 
an emitter temperature of 1000 °C [69]. 


Component Expansion Ar [um] | Expansion Az [um] 
Cathode Nose (P1) 17 -5 
Cathode Prolongator (P2) 14 126 
Modulation Anode (P3) 3 0.6 
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Table 3.6: Temperature of the main components [69]. 


Component Temperature [°C] 
Emitter 1000 
Modulation Anode 41.6 
Cathode Prolongator 110.9 
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Figure 3.17: Thermomechanical simulation of the new Inverse Magnetron Injection Gun [69]. 
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Figure 3.18: Displacement of the inverse MIG in the emitter region [69]. 


3.2.4 Technical design and tolerance analysis 


The alignment and coaxiality of the modulation anode, the position in the 
borehole as well as the temperature distribution of the emitter has a signif- 
icant influence on the position, the homogeneity and the nominal operation 
parameters of the electron beam, and therefore on the generated output power 
and efficiency. Following, the influence and suppression of the mechanical 
tolerances will be discussed and benchmarked by the help of the simulation 
tool ARIADNE [38]. For the first time, the maximum mechanical tolerances 
of the inverse MIG were investigated by a quasi 3D investigation approach. 


Modulation anode alignment 


The necessity for a high-quality electron beam is an azimuthal homogeneous 
electric field distribution at the emitter surface. Therefore, an aligned mod- 
ulation anode is required in the MIG. An important design parameter for the 
inverse MIG implementation is the maximum allowable misalignment of the 
modulation anode in order to satisfy the gun design criteria. The maximum 
allowable misalignment of the modulation anode was estimated by the perfor- 
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mance of MIG simulations with the help of the in-house electron beam optics 
code ARIADNE [38]. In the following described investigations, the cathode 
and insert are assumed to be perfectly aligned in axial and radial direction. 
Only the modulation anode is shifted in radial direction. Considered is the 
axial position from -0.45 m to -0.32 m. 

During the simulation there was no full 3D beam optics code available to 
simulate radial misalignment of the modulation anode. Therefore, a transfor- 
mation of a 2D into 3D model was performed in Ruess et al. [70] (as shown 
in Fig. 3.19) for the very first time. For better clarity the insert was removed 
in the 3D model as shown in Fig. 3.19. For the transformation, the following 
analytical approach was performed: d (p) describes the distance between the 
cathode and the anode as a function of the azimuthal position ọ [70], while Ax 
describes the misalignment of the modulation anode, as shown in Fig. 3.19. 
The radial misalignment Ax was shifted in a range of 0 to 500 um [70]. For 
each misalignment Ax the corresponding pitch factor of 500 electrons was 
calculated in 2D. The distance d (y), as shown in Fig. 3.19, is a function of the 
azimuthal position ọ and is defined as [70]: 


d(y) = Ar + Ax - cos o (3.1) 


under the assumption of Ax « Ar, where Ar represents the difference between 
the emitter and modulation anode radius. The full 3D beam parameters can be 
calculated by the integration over the previously calculated pitch factor [70]: 


Qn 
F(@)= f saoi 3.2) 


Based on the calculated distribution, the average pitch factor and spread of 
the 3D simulation can be derived [70]. The pitch factor distribution of a full 
3D simulation is shown in Fig. 3.20 for a modulation anode misalignment of 
Ax = 300 um. In the histogram Fig. 3.21(a) the pitch factor distribution for 
Ax = 0 um (nominal case) is shown. The pitch factor distribution extends from 
1.18 to 1.48 [70]. The distribution is significantly increasing with increasing 
modulation anode misalignment Ax. For amodulation anode misalignment of 
Ax = 300 um (Fig. 3.21(b)) and Ax = 500 um (Fig. 3.21(c)) the lower limit is 
decreasing to 1.1 and 1.05, respectively. The upper limit is increasing to 1.68 
and 1.82, respectively [70]. The average pitch factor is nearly independent to 
the misalignment. It can be seen from Fig. 3.21(d) that the average pitch factor 
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Figure 3.19: Transformation approach of the 2D into 3D model [70]. 


remains constant. However, the pitch factor spread is increasing from 6 % up to 
10 % for a misalignment of Ax = 500 um [70]. Based on that simulation results 
the maximum modulation anode deviation should be less than Ax = 300 um in 
order to keep the a spread at low level and avoid the possibility of magnetically 
trapped electrons. The presented tolerance analysis was considered during the 
designing and manufacturing phase. Under the consideration of a high quality 
electron beam the pitch factor spread should not exceed 8 %. Therefore, it is 
recommended to keep the modulation anode misalignment below 300 um. 
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Figure 3.20: Pitch factor distribution and modulation anode misalignment versus the azimuthal 
position [70]. 
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Figure 3.21: Modulation anode misalignment of (a) 0 um, (b) 300 um, (c) 500 um, and (d) average 
pitch factor and spread of the full simulation range [70]. 
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Thermal emitter expansion 


The uncertainty of the radial emitter expansion contributes also to the electron 
beam quality. Therefore, the radial emitter deviation in the range of + 150 um 
were investigated [70]. The definition of the sign is shown in Fig. 3.22. A 
radial emitter deviation causes [65]: 


1. A deviation of the mean pitch factor. 


2. An increasing pitch factor of electrons emitted from the rims of the 
emitter. 


In the nominal case the emitter is -70 um embedded in the cathode. In this case 
the average pitch factor is 1.3 with a global minimum spread of Aa = 6.5 %, as 
shown in Fig. 3.23. With a negative radial misalignment of Ad, = -150 um the 
average pitch factor is decreasing to a value of a = 1.08. For a misalignment 
of Ad. = + 150 um the pitch factor œ is increasing to œ = 1.58 with a spread of 
Aa = 15.5 %. It can be seen, that pitch factor is linearly increasing to positive 
misalignment, which is related to the increasing electric field. 

In particular, the investigation of each emitted electron from the emitter is 
shown in Fig. 3.24. For a misalignment of Ad. = +105 um the electrons 
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Figure 3.22: Definition of the emitter deviation and representation of the thermal isolation gap [70]. 
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Figure 3.23: Pitch factor and spread for different radial emitter deviations [70]. 
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Figure 3.24: Pitch factor in the cavity as a function of the emitting point along the emitter surface 
for different radial misalignments. 
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reach a pitch factor of œ = 2.6, which have the possibility to be magnetically 
trapped [70]. These electrons are emitted from the rear edges of the emitter. 
For negative deviations the pitch factor of the electrons emitted from the edges 
is decreasing. This effect is related to the strong variation of the electric field 
at the emitter rear edge. Due to the fact, that the inverse MIG is of triode type, 
the edge effect [65] can be reduced by changing the potential of the modulation 
anode. Assuming a mean pitch factor of 1.3 and a radial emitter deviation 
of 105 um, the modulation anode potential has to be reduced from 29 kV 
(nominal case) to 26.5 kV [70]. The maximum pitch factor of the electrons 
emitted from the emitter rear part can be reduced from 2.6 to 1.9 [70]. 

It can be summarized, that due to the triode configuration in the present in- 
verse MIG design, a deviation of the emitter can be much easier compensated 
compared to conventional MIGs used in today's fusion gyrotrons. In addition, 
an effective reduction of the emitter sensitivity regarding radial deviation can 
be achieved by the implementation of an anti-emission coating of the emitter 
edges. 


Temperature homogeneity at the emitter surface 


An inhomogeneous electron beam depends mainly on the homogeneity of 


1. The surface roughness. 
2. The BaO-layer thickness. 
3. The electric field distribution. 


4. The temperature distribution of the emitter. 


These inhomogeneities increase the velocity spread and non-uniformity of 
the hollow electron beam. Quantitatively the electron beam quality can be 
analyzed by measuring the Current-Voltage characteristics, see Zhang [45]. 
Here, the transition between the space charge limited and temperature limited 
region gives an insight regarding the electron beam homogeneity. The main 
contribution to an inhomogeneous electron beam is a non-uniform temperature 
distribution [70]. 
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The measurement of the inverse emitter at nominal operating surface temper- 
ature (1000 °C) shows a temperature distribution of + 7 °C. The temperature 
deviation is 46 % less compared to currently used MIGs in fusion gyrotrons, 
which was already presented in Ruess et al. [71]. The small deviation is re- 
lated to the advanced potting of the emitter, which is exclusively implemented 
in emitters delivered from the manufacturer Ceradyne. Considering the tem- 
perature inhomogeneity of + 7 °C the pitch factor spread is increasing from 
Aa = 6.5 % up to Aa = 6.7 % [70]. In Fig. 3.25 it can be seen that the average 
pitch factor remains constant with increasing temperature deviation, while the 
spread is increasing up to 10 % for a temperature deviation of AT = +27 K [70]. 
The investigations in Fig. 3.26 show the dependency between kinetic energy 
and the azimuthal temperature deviation. The kinetic energy of the simulated 
electrons is plotted for a deviation of AT.= 0 °C (red colored) and AT, = +7 °C 
(nominal case, blue colored). At regions with higher emitter temperature, 
more electrons will be emitted, which results in an increasing space charge 
cloud [70]. Here the resultant electric field is decreasing. Consequently, the 
kinetic energy is lower in regions of high space charge and vice versa. As 
a result, the maximum decelerating voltage of the depressed collector has to 
be reduced to the energy of the slowest electron, which reduces the overall 
gyrotron efficiency [70]. 
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Figure 3.25: Pitch factor and spread for different temperature deviations of the emitter [70]. 
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Figure 3.26: Kinetic energy as a function of the azimuthal position in the cavity center for a 
temperature deviation of 7 K (blue points) and 0 K (red points) [70]. 


3.2.5 Design for manufacturing 


Compared to the W7-X and ITER gyrotron MIGs, where the ceramics are 
on the face side brazed, the inverse MIG is using, for the first time, the im- 
proved peripheral brazing (see Fig. 3.27). Experimental investigations have 
shown that tolerances in the braze point at the ceramics add a significant offset. 
The advantages of the peripheral brazing are a much simpler alignment of the 
flanges and a better absorption of torsion forces during the post-processing. 
As a result, the post processing after the brazing and welding of the MIG is 
much easier and, in addition, the risk of damages at the ceramic during the 
post processing is significantly reduced. However, the electric field at the edge 
of the flange is increasing. Therefore, corona rings, as shown in Fig. 3.6 and 
Fig. 3.16, are implemented which reduces the electric field significantly. The 
remaining electric field at the corona ring is 42 kV/cm. 

The designed inverse MIG is a complete modular electron gun. The advantage 
is that in the present gun different material compositions as well as different 
types of future high current density emitters for DEMO gyrotrons can be tested. 
The inverse MIG consists of 5 assemblies, as shown in Fig. 3.28. Each assem- 
bly is one unit and was finally post processed after the brazing and welding 
procedure. As a result, all components have a satisfactory concentricity and all 
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Figure 3.27: Optimized design of the ceramic flanges. 


the deviations are within the requirements. In addition, this modular approach 
offers the possibility for an in-house and cost-efficient manufacturing process. 


3.2.6 Evaluation of the emitter temperature homogeneity 


The first thermal test of the inverse emitter (Fig. 3.29) has shown an excellent 
performance. The temperature deviation at a nominal temperature of 1000 °C 
is + 7°C, which is smaller compared to the currently used conventional emitters 
(+ 15 °C). The small temperature deviation is related to the improved 4 layer 
potting procedure. At nominal operation, the filament current is 24 A with a 
corresponding heating power of 990 W. The emitter temperature inhomogene- 
ity has a significant influence on the electron beam quality and consequently 
on the gyrotron efficiency. The temperature distribution of the emitter can be 
measured by the help of an infrared camera. For the measurement, the cathode 
can be used as a vacuum chamber as shown in Fig. 3.30. On the top, the 
cathode is closed by a ZnS window, while at the bottom, the cathode is closed 
with a flange and an intake socket for vacuum pumping. This measurement can 
be used as a calibration of the filament current versus the emitter temperature. 
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Figure 3.28: Sub-assemblies of the Inverse Magnetron Injection Gun approach. 
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Figure 3.29: Temperature distribution of the emitter, measured with an infrared camera. 
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Figure 3.30: Cross-section of the thermal test stand for the evaluation of the temperature distribu- 
tion of the emitter. 
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3.3 Towards ultra-compact inverse magnetron 
injection gun 


A significant cost factor in European gyrotron set-ups is the large diameter 
of the MIGs and the associated high costs of the superconducting magnets. 
Therefore, in the following section, an inverse MIG with a 25 % smaller outer 
diameter will be presented. For this investigation the boundary conditions are: 


1. Average pitch factor a of 1.3. 


2. Real magnetic field configuration and coil current of the KIT supercon- 
ducting magnet. 


3. Current density <5.5 A/cm?, which is the limit for a reasonable emitter 
life-time. 


The starting point is the inverse MIG designed for the KIT 2 MW 170 GHz 
coaxial-cavity gyrotron. In this design the emitter radius is 62 mm with an 
electron beam radius in the cavity of 10.0 mm. Here, the maximum electric 
field strength is 75 kV/cm (as shown in Fig. 3.31), which is below the limitation 
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Figure 3.31: Systematic analysis of the beam radius versus the emitter radius with respect to the 
maximun electric field strength in the Magnetron Injection region. 
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of <100 kV/cm. By keeping the beam radius in the cavity constant and reducing 
the emitter radius, the magnetic compression is decreasing which is resulting 
in a lower pitch factor. In order to satisfy the requirement of an average 
pitch factor of 1.3 the tangential electron velocity component and therefore 
the electric field at the emitter has to be increased. Under consideration of 
the maximum electric field strength, the minimum emitter radius is 57 mm, 
if the nominal cavity beam radius of 10.0 mm for the TE34,19 mode will be 
kept. The systematic investigation results in Fig. 3.31 show clearly, if the 
emitter, hence the gyrotron, is getting significantly smaller in diameter, the 
beam radius in the cavity has to be reduced under the consideration of the 
maximum electric field strength limitation. The systematic simulation show, 
that a very promising and compact design can be achieved with an emitter 
radius of 46 mm. The corresponding beam radius in the cavity is 7.42 mm. 
Due to the reduction of the emitter radius the current density is increasing 
up to 5.3 A/cm?, which can be handled with the current emitter technology. 
However, an operation with the current TE34, ı9 mode is not possible anymore. 
Therefore, a numerical study of very-high order volume modes compatible for 
the ultra-compact inverse MIG have to be done. These investigations, presented 
in Fig. 3.32 and published in Ruess et al. [72], have shown that a very promising 
mode is the TE25 22. The eigenvalue of the TE25,22 is 102.45, which is close to 
the eigenvalue of the TE34 19. The outer radius of the cavity for an operation at 
170 GHz is 28.40 mm with a maximum wall loading of 2.0 kW/cm?, presented 
in Fig. 3.33. The corresponding insert radius for an efficient suppression of 
unwanted neighboring modes is 5.65 mm. This radius is the best trade of 
between mode purity and cooling capabilities. The wall loading, as shown in 
Fig. 3.33, of the insert is 0.11 kW/cm?. Thermomechanical simulations have 
shown that during CW operation the maximum insert surface temperature 
reaches 83 °C with a water flow rate of 5.89 m/s [73]. The soft excitation point 
of the TE25,22 can be excited at a beam voltage of 90 kV and a beam current of 
75 A, as shown in Fig. 3.32. The calculated maximum output power is 2.5 MW 
with an electronic efficiency of 37 %, which is similar to the conditions of the 
TE34,19- 

With the combination of the ultra-compact inverse MIG and the new developed 
TE25,22 operational mode the gyrotron diameter in the borehole can be reduced 
by 25 %. As a result, the bore hole diameter of the superconducting magnet can 
be also reduced from currently 246 mm by 25 %, which leads to a significant 
cost reduction. 
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Figure 3.32: Adiabatic start-up scenario at 6.86 T and a beam current of 75 A. 
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Figure 3.33: Wall loading of the outer wall (red) and of the insert (blue). 
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3.4 Summary 


Reaching the long-pulse operation regime an advanced Magnetron Injection 
Gun is required. Therefore, a conventional coaxial-cavity MIG with coated 
emitter rims in triode configuration was presented. Due to the complex op- 
eration of a triode, a diode for industrial applications was developed in this 
chapter. The development of a novel diode structure makes it possible for the 
first time to comply with all gun design criteria. 

However, if a higher output power or longer lifetime is required, the imple- 
mentation of a larger emitter is necessary. This requirement can not be met 
with the conventional MIG approach. Therefore, in frame of this work, an 
advanced compact inverse MIG was developed. The compact approach allows 
the installation of a 16.8 % larger emitter. In addition, due to the outside 
positioned cathode and the use of advanced materials, a significantly better 
cooling efficiency could be achieved which leads to a 5 times lower cathode- 
temperature compared to conventional MIGs. Furthermore, the simulations 
carried out for the first time, have strengthened the thermo-mechanical un- 
derstanding. In addition, with the concave shaped cathode the suppression 
of magnetically trapped electrons can be much easier realized. For the first 
time, the maximum tolerances of the inverse MIG components are numeri- 
cally investigated by an advanced transformation, which considers the full 3D 
geometry. In addition, fundamental manufacturing techniques and welding 
procedures were improved for the in-house manufacturing of the inverse MIG. 
Based on the gained manufacturing know-how, it is now possible to built-up 
cost-efficient MIG prototypes for the DEMO project in-house. 
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Mandatory for a successful DEMO gyrotron development is the manufacturing 
and testing of prototypes. However, this is only possible if the prototypes can be 
inexpensively manufactured in-house. A significant cost driver is the brazing 
and welding of vacuum-compatible components. Therefore, in this chapter, 
a suitable soldering and welding procedure will be presented. The goal is to 
develop a process that is vacuum compatible, cost effective and compatible 
with the KIT internal facilities. In order to satisfy the vacuum condition, a 
vacuum leakage rate of < 5x10~° mbar I/s is required, see Dammertz [74]. In 
addition, the new brazing technology has to withstand bake-out temperatures 
up to 500 °C. It depends on the vacuum tightness, the temperature stability, 
the mechanical strength and the corrosion resistance of the connection joints. 
Therefore, it is necessary to select a suitable bonding method for the respective 
application. 


4.1 Preliminary investigations 


During the welding procedure the materials at the joint are locally heated 
up above the melting point of the particular material. Due to the thermal 
conductivity of the materials, the component itself is heated up. This creates the 
risk, that the temperature in pre-brazed connections is reaching the maximum 
allowable temperature. Such a case exists, for example, when the isolation 
ceramic is welded to the flange, as shown in Fig. 3.27. Here, the thin connecting 
flange is first brazed to the ceramic and then welded to the main flange, as shown 
in Fig. 4.1. Therefore, the welding procedure was simulated with the multi- 
physics simulation tool COMSOL. The simulation results show, that with an 
acceleration voltage of 60 kV and an electron beam current of 5 mA and 16 mA 
(nominal welding parameters) the maximum temperature at the brazed joint 
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Figure 4.1: Temperature distribution during the electron beam welding process of nickel-iron alloy 
and stainless steel. 


is smaller than 60 °C. However, the welding point is heated up above the 
melting temperature of the materials, as shown in Fig. 4.1 and Fig. 4.2. The 
high temperature gradient is related to the small thermal conductivity of the 
nickel-iron alloy, which is a well suitable material for such applications. The 
reason for the higher beam current for a successful welding of the nickel alloy 
with CuCrZr can be seen when comparing Fig. 4.1 with Fig. 4.2. In Fig. 4.2 
the CuCrZr flange achieves a temperature of 160 °C, while the stainless steel 
flange, as shown in Fig. 4.1, remains at ambient temperature. Because of the 
heat loss at the welding joint, the current has to be increased up to 16 mA. Here, 
the increasing beam current and high penetrating energy causes a growth of the 
CuCrZr grains. The larger grains are a considerable threat for vacuum leaks. 
In this work, the issue could be solved using of forged CuCrZr with originally 
smaller grains. It has to be figured out, that the significant knowledge gain in 
the electron beam welding procedure and selection of suitable materials opens 
the path for a cost-efficient and in-house manufacturing of key components for 
the gyrotron. 
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Figure 4.2: Temperature distribution during the electron beam welding process of nickel-iron alloy 
and copper. 
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4.2 Electron beam welding techniques 


Electron beam welding (EBW) is a suitable method for vacuum tube applica- 
tions because the heat input and therefore the heat expansion of the component 
is very low, as stated in Schultz [75]. The kinetic energy of an electron beam 
is transformed into heat during contact with the material. Dithley proposes 
in [76], that the electrons should be focused to a beam with a diameter at the 
incidence of 0.1 to 0.3 mm with a power density of 10’ W/mm?. For best 
possible results the electron beam welding process should be conducted in 
vacuum [77]. The main advantages of the described procedure are [75]: 


e small heat input, 
e almost complete absorption of the beam energy, 
e small deformation of the component, 


e copper or copper alloy and stainless steel connections weldable. 
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Because of the listed advantages the EBW process was used for the Inverse 
Magnetron Injection Gun, mainly for the connections between the flanges and 
the thin connection flanges of the ceramic which consists of a nickel-iron low 
expansion alloy and the connection between copper and stainless steel. 

To get the correct electron beam parameters for a successful welding, tests 
have to be made in advance. Here, the welding beam current, acceleration 
voltage, welding speed and penetration depth are investigated. The most 
promising welding parameters for the different material compositions are listed 
in Tab. 4.1. The optimized parameters for a connection between nickel-alloy 
(material designation number: 1.3917) and stainless steel (1.4571) are a beam 
voltage of 60 keV, a beam current of 5 mA and a welding speed of 10 mm/s. 
For a reliable connection between nickel-alloy (1.3917) and CuCrZr the beam 
current has to be increased from 5 mA up to 16 mA, which is related to the 
higher heat transfer coefficient of CuCrZr compared to stainless steel. 

Fig. 4.3 shows the grinding pattern and welded joints of the samples. It 
can be seen that in both material configurations the two materials are merged 
in the area of the melting bath, as shown in Fig. 4.3 (top row). Even more, 
the weld in Fig. 4.3 (bottom row) looks very homogeneous with and excellent 
seam surface. 


4.3 High temperature vacuum brazing 


In addition to the welding process the brazing offers an excellent joining 
technology. For components with high requirements regarding strength and 
operation temperature, the high temperature vacuum brazing is a well-suited 
process. By definition, the high temperature vacuum brazing takes place above 


Table 4.1: Welding parameters for the connection between 1.3917 (nickel alloy) and 1.4571 (stain- 
less steel) as well as 1.3917 and CuCrZr. 


Connection Beam Voltage | Beam Current | Welding Speed 
[keV] [mA] [mm/s] 
Nickel Alloy - Stain. Steel 60 5 10 
Nickel Alloy - CuCrZr 60 16 10 


62 


4.3 High temperature vacuum brazing 


1.4571 melted area 1.3917 CuCrZr melted area 1.3917 


Stainless Steel Copper 


Figure 4.3: Grinding pattern of electron beam welded connections. Left side: Connection of 
copper and nickel-iron alloy. Right side: Connection of Stainless steel with nickel- 
iron. 


900 °C. During the brazing process the vacuum acts as a soldering flux and in 
parallel as a protection atmosphere to prevent oxidation of the components. A 
further advantage of the high temperature vacuum brazing is that components 
with several soldering joints can be brazed in parallel and with the same 
quality, even with different material compositions. A detailed overview in 
brazing technologies is given in Kowalewski et al. [78]. 

Further advantages are [78]: 
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e Homogeneous heat input up to the brazing temperature and therefore 
less deformation. 


e Less tension in the component because all joints will be brazed simulta- 
neously. 


e Brazing of inaccessible joints. 


Requirements for Brazing Joints 


The main quality characteristics of brazing joints are homogeneous molten 
mass, no inclusion of residual gases and a leakage rate < 5x10~? mbar I/s. 
To achieve the desired requirements the following main conditions have to be 
fulfilled [78]: 


e The parts must be protected from atmosphere during the heating process 
to prevent oxidation, 


e the gap clearance of the parts must be designed to assure capillary 
attraction, 


e the pressure in the brazing furnace has to be < 1075 mbar. 


Consiruction to achieve optimum brazing conditions 


Braze joint clearance has a significant effect on mechanical properties of the 
brazing joint [79]. The clearance is the distance between the surfaces of the 
joint at brazing temperature. For brazing with silver, gold, copper and nickel the 
clearance should be between 10 um to 100 um at the brazing temperature [78]. 
In the present work it was found out, that a clearance width of 50 um is the best 
compromise between the mechanical strength and manageability in the assem- 
bly of the press fits. For < 50 um the components cannot be assembled with 
the available tools and a homogeneous clearance cannot be guaranteed. The 
grinding pattern of the brazing probes can be seen in Fig. 4.4. With different 
metals, the one with the highest expansion coefficient may tend to increase or 
decrease the clearance depending on relative positions and configurations of 
the joint. To solve the mentioned problem stainless-steel and copper as well 
as Glidcop were used, which offer a similar thermal expansion coefficient and 
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therefore homogeneous clearance and stresses over the complete temperature 
profile. When cooling down from the brazing temperature, stresses and strains 
could be avoided in the selected material composition. Therefore, after the 
brazing process the filled clearance is in the range between 48 and 51 um (see 
Fig. 4.5), which shows the excellent and precise manufacturing process. 


Figure 4.5: Grinding pattern of the brazed joint with the measurement of the clearance. 


The most appropriate surface roughness for brazing is difficult to define. Sur- 
face roughness adds surface area to the joint, which provides countless extra 
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capillary paths [78]. However, if the surface roughness is too high and a metal- 
to-metal press contact exists, the capillary forces are also shut off. This effect 
can be seen in the grinding pattern shown in Fig. 4.6. Here, the braze cannot 
penetrate into the clearance. Based on experiments, the best surface roughness 
for a stable and reliable brazing connection is Ra = 0.4. 


4.3.1 Brazing procedure for the gyrotron components 


For the very first time at KIT, gyrotron components were brazed with a 
nickel-base super alloy braze (Braze Tec D 897.1 [80]) instead of a silver 
or gold/copper braze, as it is used in industrial vacuum tubes. That braze 
offers the possibility of an easy handling without the necessity of a component 
assembly under vacuum conditions or the use of soldering flux for the reduc- 
tion of oxide layers. In addition, the nickel-base super alloy braze is 98.8 % 
cheaper compared to a gold/copper braze, which had been used. The following 
brazing procedure, as shown in Fig. 4.7, was developed and optimized for the 


Figure 4.6: Grinding pattern of a brazing probe with a cutted clearance. 
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nickel-braze-super alloy braze. As a basis for the long-pulse components, the 
procedure described in [78] was used as a starting point: 


Initial pump down: For copper and stainless steel a vacuum pressure of 
< 10° mbar is sufficient. 


Initial heating ramp: The initial ramp should be about 6 °C/minute. Faster 
rates are not recommended because thermal distortion could happen. In ad- 
dition, with large components excessive outgassing will occur. During the 
initial heating ramp, roughly at 80 °C [78], the phosphor (P) of the nickel-base 
super alloy is outgassing and removes the oxide layer of the stainless-steel and 
copper surfaces in the furnace [78]. This is one of the major advantages of 
the nickel-base super alloy braze compared to the conventional brazes used for 
vacuum components. 


Burn-Off: A burn off is recommended using a nickel-base super alloy braze. 
Here the outgassing phosphor, oxygen and other impurities can be pumped out. 


Stabilizing Soak: Temperature shall be about 800 °C, however below melting 
temperature of the brazing mass. The temperature should be kept constant for 
a duration of 15 min to 30 min. The main reasons for the stabilizing soak 
are [78]: 
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Figure 4.7: Braze cycle of the nickel-base super alloy brazing solder, which is used for the long- 
pulse coaxial gyrotron. 
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e It allows to equalize the temperature in the components. Therefore, all 
parts in the brazing furnace will reach brazing temperature at approxi- 
mately the same time. 


e It ensures a low enough vacuum pressure before ramping up to brazing 
temperature. 


Heating Ramp to Brazing Temperature: The rate has to be fast enough to 
avoid liquidation of the brazing and erosion of the gyrotron components. For 
the long-pulse components the heating ramp was 6 °C/minute [78] because the 
oven cannot drive a faster heating ramp. 


Brazing Temperature: It is preferable to use the lowest brazing temperature 
within the required brazing range. For the used nickel-based supper alloy 
brazing the brazing temperature is 980 °C, which is well below the melting 
temperature of copper (1085 °C) [81]. 


Brazing Soak: The time at brazing temperature should be long enough in 
order to guarantee that all parts within the component reach the required 
brazing temperature. In the present work the optimum brazing temperature is 
980 °C for a duration of 10 min [78]. 


Cooling From Brazing Temperature: To avoid stresses, it is recommended 
that the components are vacuum cooled from brazing temperature. In case of 
hardening the furnace can the flooded by nitrogen. In case of the gyrotron com- 
ponents the temperature was slowly reduced which is related to the procedure 
of the used vacuum oven at KIT. 


4.3.2 Investigation of material properties after brazing 


The temperature of the performed brazing is 980 °C which is close to the 
melting temperature of copper. At the brazing temperature of 980 °C the 
grains in the copper increase their size significantly and the yield strengths 
are decreasing. Therefore, the risk of a deformation of the pre-prototype 
copper components, cavity and launcher, exist and the yield strength after 
the brazing procedure has to be investigated. The components which are 
connected below the cavity are the beam tunnel and the MIG. The total weight 
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of both components is - 60 kg. Therefore, the yield strength which has to be 
considered is 600 N. 

The yield strength of OFHC copper at a deformation of 0.2 % is 139.13 N/mm? 
before brazing and afterward it is decreasing to 25.45 N/mm?, as shown in 
Fig. 4.8. The cavity has a minimum cross section area of 383 mm?, which 
corresponds to a yield strength (OFHC copper) of 9754 N. The minimum cross 
section of the launcher is 2356 mm? with a maximum yield strength of 59965 N 
(OFHC). The maximum acceptable load is 325 kg for the cavity and 1998 kg 
for the launcher considering a safety factor of 3. As a result, the OFHC copper 
can be used for the launcher and the cavity. However, it has to be mentioned 
that the test results are based on only one heat cycle. However, during the 
gyrotron operation the OFHC is getting softer. 

In addition, the tensile test of Glidcop Al-15 [82] has shown that the yield 
strength with a deformation of 0.2 % is before the brazing Rp = 306.45 N/mm”. 
After the brazing process a yield strength of Rp = 296.09 N/mm? remains, as 
shown in Fig. 4.9. The corresponding acceptable loads, under consideration of 
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Figure 4.8: Results of a tensile test before and after the brazing of OFHC copper (performed at 
KIT). 
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a safety factor of 3, are 3780 kg for the cavity and 23252 kg for the launcher. As 
aresult, the yield strength is well below the maximum allowable yield strength 
for both components. 

As a summary it can be mentioned, that OFHC copper is losing 82 % of 
its yield strength during the brazing process (one heating cycle). The yield 
strength is further decreasing under gyrotron operation. Compared to this, 
Glidcop loses only 3.5 % of its strength (Rp0.2), which is due to the Al203 
content. Compared to OFHC copper, Glidcop is easier to machine due to 
the harder material texture. Due to the investigations of the yield strength, 
it is proposed to use Glidcop for the cavity. Glidcop is much harder and is 
more resistant against fatigue which occurs during the operation cycles. The 
launcher is made of OFHC. Due to the lower loading of 0.4 kW/cm? and the 
thicker launcher wall of 10 mm the use of OFHC is sufficient, which is also by 
factor 10 cheaper. 
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Figure 4.9: Results of a tensile test before and after the brazing of Glidcop Al-15 [23] (performed 
at KIT). 
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4.4 Summary 


Successful brazing and welding is a necessary requirement for the in-house 
manufacturing of cost-efficient modular long-pulse gyrotron components. 
Therefore, in this chapter an advanced welding and brazing procedure for 
high power vacuum tubes was presented. The fundamental investigations 
in this work have shown that the nickel-base super alloy braze is a suitable 
brazing material for in-house manufacturing of vacuum compatible gyrotron 
components. For the first time, a brazing procedure based on a nickel-base 
super alloy braze was successfully established for in-house manufacturing. In 
addition, the systematic analysis of grinding patterns of different brazing con- 
figurations have significantly improved the brazing process and consequently 
the quality of the in-house manufactured gyrotron components. Furthermore, 
that braze offers the possibility of an easy handling without the necessity of 
a component assembly under vacuum conditions or the use of soldering flux 
for the reduction of oxide layers. In addition, the KIT in-house brazing costs 
were reduced to only 2 % of the original costs if compared to standard process 
used at KIT. This allows the manufacturing and test of several advanced and 
optimized gyrotron components. 

The knowledge know-how, which has been gained in this work, opens the 
path for an in-house manufacturing of modular, cost-efficient and water cooled 
long-pulse gyrotron components. 
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The potential of the coaxial-cavity gyrotron technology has been already shown 
in short-pulse operation, see Rzesnicki et al. [25]. With the reduced voltage 
depression and mode competition, significantly higher RF power levels and 
higher order modes can be reached compared to conventional hollow cavity 
gyrotrons. In order to show that the coaxial-cavity gyrotron isa DEMO relevant 
approach, the successful operation in steady-state has to be shown. Following, 
this operation regime will be called long-pulse operation. To run the gyrotron 
at long-pulse operation, the beam-tunnel, the cavity, the launcher, the mirrors, 
the chemical vapor deposited (CVD) diamond RF output window [83] and the 
collector have to be equipped with an active cooling system. In addition, the 
cathode and body of the MIG has to be equipped with a cooling system for 
the long-pulse operation. The fundamental project requirement is to keep the 
modularity of the demountable gyrotron. For the first time, an independent 
cooling system is implemented for each single component. The advantage 
of the independent cooling setup is the monitoring of the internal losses of 
each gyrotron component. One of the main challenges in the development 
and manufacturing of the new long-pulse gyrotron is the interpretation of the 
cooling system and the handling of the power loading in the cavity of maximum 
2.5 kW/cm?. 

For the long-pulse gyrotron development a two-step approach is considered. 
For the first step, the coaxial cavity gyrotron was designed for a maximum 
pulse length up to 100 ms. This step requires an active cooling system of the 
cavity, beam-tunnel and launcher as well as advanced MIGs with better cooling 
conditions. The aim of this first phase is the verification of the new gyrotron 
setup and the operation in the partly neutralized (60 - 70 %) electron beam 
regime. In phase two, the CVD diamond disc is equipped with a water cooling 
system for a pulse length of up to 1 s. In addition, a CW compatible collector 
with sweeping coils is necessary. The objective of phase 2 is the operation in 
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steady state conditions and the verification of aCW compatible design. The 
cooling necessity is summarized in Table 5.1. The pulse length estimations are 
based on the successfully tested W7-X and ITER CW test results and scaled-up 
by the help of the COMSOL code to the coaxial-cavity gyrotron. 


5.1 Cooling approach for long-pulse operation 


In the following section, the cooling designs of the gyrotron components up 
to a pulse length of 150 ms are presented. In addition, a thermomechanical 
analysis is done to identify critical regimes of thermal treatments. Unique is 
the consideration of the physical and thermal analysis, as well as the realization 
which are presented in this work. 


5.1.1 Design of the launcher for long-pulse operation 


As stated already in Section 2.1, the launcher, as shown in Fig. 5.1, is a circular 
waveguide antenna, which is together with the mirror system responsible for 
the conversion of the main TE34,19-mode into the fundamental Gaussian mode 
of the RF output beam [84]. The mode conversion is determined by the 
perturbations at the inner waveguide wall. 

At the top of the launcher the maximum thermal loading is 0.4 kW/cm’. 
To avoid overheating in long-pulse operation, an efficient cooling is required. 


Table 5.1: Necessary water cooling systems for the gyrotron subcomponent with respect to the 
pulse length. 


Pulse Length | Necessary Water Cooled Components 


< 100 ms Cavity 
Launcher 
Beam-Tunnel 
> 100 ms CVD Diamond Disc 
CW Compatible Collector Cooling 
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Figure 5.1: Design and manufactured launcher with the helix shaped water channel [23]. 


Because the launcher top part protrudes into the mirror box and is surrounded 
by vacuum, it is proposed in Ruess et al. [23] that the water inlet and outlet 
are fixed at the bottom of the launcher. To make the cooling of the launcher 
possible, an advanced helix structure is implemented. Due to the complexity, 
the channels were milled with a 5-axis milling cutter. Subsequently, the helix 
channels were caulked by a stainless steel coat, which was fitted from the 
outside and vacuum tight brazed [23]. The implementation of a below is 
necessary because the coat and launcher have different operating temperatures 
and therefore thermal strains have to be compensated. The manufactured 
launcher shows an excellent reflective surface quality. The tolerances are in 
the range of below +6 um. The launcher is made from OFHC copper [23]. 
The cold launcher performance has been successfully verified at KIT. A detailed 
description of the test procedure is given in Ruess et al. [85]. The simulated 
radiation pattern in Fig. 5.2(a) was calculated with the full wave 3D vector 
analysis code SURF 3D [86]. Fig. 5.2(b) shows the radiated pattern which was 
sampled with a rectangular waveguide antenna at a distance of 10 cm from the 
launcher [23]. By comparison of the amplitudes it can be clearly seen that the 
measurement results correspond well with the simulation results. 
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(a) Simulated radiation pattern. 
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(b) Measured radiation pattern. 


Figure 5.2: Simulated (a) and measured (b) radiation patterns of the water cooled long-pulse 
launcher [23]. 


5.1.2 Design of a cavity capable to operate at long-pulses 


The cavity is also part of the modular approach. This opens the way for the 
two-stage expansion. In the first step, a conventional annular gap cooling, up 
to a pulse length of 100 ms, is developed and implemented. In the second step, 
the annular gap cooling will be replaced by an advanced minichannel cooling 
approach, which allows the operation in CW operation. 
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In the gyrotron cavity (as shown in Fig. 5.3) a part of the perpendicular kinetic 
energy of the individual electrons of the electron beam is transferred to the 
electromagnetic field. The inner structure marked in orange in Fig. 5.3 consists 
of a down-taper, a mid-section and an up-taper. Compared to the short-pulse 
cavity, the cavity up-taper is extended in z-direction (as shown in Fig. 5.4) 
so that the center of the mid-section is in the nominal position (maximum 
of magnetic field density). Based on the simulation results a transmission of 
99.94 h of the TE34,j9-mode and a very low undesired mode conversion [23] 
can be expected. The simulations were performed with a scattering matrix res- 
onator code [87]. Compared to the short-pulse gyrotron, the cavity center in 
the long-pulse pre-prototype gyrotron is positioned at the maximum magnetic 
field strength. Therefore, an increase in output power and efficiency can be 
expected with the new long-pulse gyrotron. 

The simulated RF power loss in the outer cavity wall is about 35 kW at 
nominal 2 MW gyrotron operation, with a maximum thermal wall loading of 
2.0 kW/cm? in a narrow region at the cavity center [23]. The temperature 
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Figure 5.3: Physical design of the pre-prototype cavity [23,88]. 
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Figure 5.4: Comparison of the short pulse cavity (blue) and the long-pulse cavity (red) [23]. 


distribution leads to a very high temperature gradient at the cavity wall. As a 
result, thermal stresses, thermal expansions and deformations occur [89]. De- 
pending on the deformations, the gyrotron operating frequency is shifted and 
the quality factor of the coaxial-cavity is changing. In order to keep the thermal 
expansion at low level it is mandatory to implement an advanced and effective 
cooling system. Compared to the launcher cooling system the implementation 
of a helix shaped water channel is not necessary [23]. Therefore, an advanced 
annular gap cooling could be installed with a significantly higher flow rate, 
which results in an increasing heat transfer coefficient. The different operating 
temperatures of the inner cavity Fig. 5.3 (orange part) and the external structure 
(coat) requires also the implementation of a bellows [23]. 

The temperature limitation of the cavity is 250 °C, in order to reduce fatigue 
and increase the lifetime of the cavity [23]. Based on the temperature limita- 
tions, the multiphysics software COMSOL predicts in S.Ruess et al. [23] and 
A. Bertinetti et al. [88] a maximum pulse length of approximately 150 ms, 
as shown in Fig. 5.5. The steady state operation is reached after 600 ms. In 
continuous wave operation the temperature will reach 360 °C, which is above 
the maximum acceptable temperature. Due to the radial expansion the oper- 
ating frequency is decreasing and fatigue is created. Therefore, that approach 
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Figure 5.5: Maximum temperature at the cavity center versus the pulse length [23, 88]. 


is not suitable for phase 2. In Fig. 5.6 the polar temperature plot shows an 
inhomogeneous temperature distribution of AT = 44 °C [23,88] in steady state 
operation, which causes a significant unsymmetrical thermal expansion. The 
displacement in radial direction is 0.04 mm and 0.05 mm in axial direction, 
respectively (as shown in Fig. 5.7). 

This inhomogeneity can be reduced using multiple in- and outlets. However, 
the mechanical complexity is increasing. For operation above 150 ms an op- 
timized water approach is necessary and will be discussed in Section 5.2. 
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Figure 5.6: Geometrical design and polar temperature distribution at the cavity center [23,88]. 
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Figure 5.7: Displacement of the cavity in axial and radial direction [23, 88]. 


5.1.3 Design of a beam-tunnel structure capable to operate 
at long-pulses 


The beam-tunnel (as shown in Fig. 5.8) is the region were the electron beam 
is adiabatically compressed by the externally applied magnetic field. Passing 
the beam-tunnel the electron beam radius is decreasing and the pitch factor is 
increasing due to the increasing magnetic flux density. It has been shown that 
in the beam-tunnel parasitic modes can be excited, as stated in Kumar et al. [90] 
and Tigelis et al. [91]. Even at low power levels the parasitic modes can in- 
crease the spread of the electron beam due to an unwanted interaction and 
the accordance of the resonance conditions at corresponding beam-tunnel po- 
sitions. Therefore, it can be concluded that the unwanted oscillations are 
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strongly dependent on the geometry. In today's gyrotrons, there are three types 
of different beam-tunnel configurations: 
1. A full dielectric conical SiC beam-tunnel, where the parasitic mode is 
absorbed, see Pedrozzi et al. [92]; 
2. A full metallic beam-tunnel with irregular wall geometry, where the 
parasitic mode is compressed, see Malygin et al. [93]; 


3. Alternating rings of metal and lossy dielectric are used to suppress 
and absorb these parasitic oscillations, see Tigelis et al. [91] and Rzes- 


nicki [94]. 
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Figure 5.8: Physical design of the long-pulse pre-prototype beam-tunnel [95]. 
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For the beam-tunnel of the long-pulse pre-prototype gyrotron the already at 
KIT patented third approach is followed. The beam-tunnel of the modular 
pre-prototype consists of stacked copper and ceramic rings (ROBAX) [23], 
which will be implemented only in short-pulse operation. The ROBAX rings 
have a measured e, of approximately 5.7 and a loss tangent of 0.058. However, 
it has to be mentioned, that for a serial CW gyrotron ROBAX is an unsuitable 
material. The copper rings have on the inner side corrugations to break the 
azimuthal symmetry, for the suppression of the TEo,„-backward waves. In 
case of an unwanted oscillation in the beam-tunnel the estimated maximum 
thermal loading is 10 kW [23]. Fig. 5.9 shows the construction of the beam- 
tunnel including the water cooling system. A jacket is brazed to the outside 
of the beam-tunnel. Together with the outer jacket it forms an annular gap 
cooling [23]. In the current design of the modular pre-prototype the copper 
rings are not brazed to the water jacket, which is mandatory for a pulse length 
above 150 ms due to the necessity of an improved cooling behavior of the 
ceramic and copper rings. 


5.1.4 Advanced water-cooled mirror box design 


The mirror box of the long-pulse pre-prototype gyrotron is shown in Fig. 5.10. 
In the physical design, the mirror box is already equipped with a water cooled 
diamond disc and water cooled mirrors and can therefore operate up to a pulse 
length of 1 second. Below the mirror box, the launcher is fixed, while at the top 
the collector is connected with a Helicoflex sealing [23,97]. The Helicoflex 
is a type of flexible and elastic metal O-ring gasket. In addition, at the relief 
window a waveguide is connected which guide a part of the RF stray radiation 
to the measurement setup, where the transient response and frequency behav- 
ior can be investigated. At the coaxial-cavity modular pre-prototype gyrotron 
the mirror box is at body potential and has to be isolated from the grounded 
superconducting magnet [94]. Therefore, a GFK isolation is mounted between 
the mirror box and the magnet. The flow and return of the water cooling system 
for the beam-tunnel, the cavity and the launcher are connected at the bottom 
plate of the mirror box. Isolation between the water pipes and mirror box are 
needless due to of the use of deionized water. 

To build-up an economical pre-prototype long-pulse pre-prototype, the quasi- 
optical system, consisting of the mirror box and mirror | to 3, are reused 
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from the refurbished industrial coaxial-cavity 2MW 170 GHz gyrotron proto- 
type [21,98]. However, strong modifications at the CVD window housing, the 
top flange and at the absorber ceramic are necessary to meet the requirement 
of the modular approach. Due to the operation at long-pulse regime, it is nec- 
essary to bake-out the pre-prototype gyrotron above the maximum reachable 
temperature. In case of the pre-prototype gyrotron the maximum temperature 
of 250 °C is dominated at the cavity outer wall [23]. Therefore, the selected 
bake-out temperature is 300 °C [23]. This requires that the water channels 
and connections are heat-resistant up to the maximum bake-out temperature. 
Therefore, metallic sealed cooling components are developed and added to the 
construction [23]. The metallic sealing has been successfully tested up to a 
water pressure of 8 bar [23]. 

The stray radiation in the mirror box is estimated to 5 % of the overall RF-power. 
The stray radiation is related to misalignment and manufacturing tolerances 
of the launcher and the mirrors and to diffraction losses. In order to reduce 


Figure 5.9: Stacked beam-tunnel, with corrugated copper and ceramic rings [96]. 


83 


5 Cooling technologies for highly loaded gyrotron components 


the remaining stray radiation, a relief window was added to the mirror box. 
In addition, to reduce the temperature of the mirror box, the stainless-steel 
housing is covered with copper and the whole mirror box coat and ground is 
cooled by an installed cooling system. 


5.2 High efficient cooling systems for future 
continuous-wave operation 


In the coaxial-cavity long-pulse gyrotron, presented in Section 5.1 an annular 
gap cooling is considered. With this cooling approach, the cavity is reaching 
after 150 ms the maximum temperature of 250 °C. To exceed the limitations and 
to ensure CW operation, new cooling concepts have to be elaborated. There- 
fore, pioneering cooling systems with significantly higher cooling capabilities 
will be presented. The focus of the cooling system is: 
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Figure 5.10: Design of the long pulse preprototype gyrotron, prepared for the operation in long- 
pulse. 
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e The development of a cooling approach with a higher heat transfer 
coefficient compared to current systems. 


e A cooling system with a high reliability and user-friendly handling. 


5.2.1 Minichannel cooling system 


In today's CW fusion gyrotrons manufactured by Thales, the Raschig Ring 
cooling is implemented for the cooling of the cavity. In order to handle even 
higher wall loading in future fusion gyrotrons, advanced cooling approaches 
are necessary. A very promising approach is the minichannel cooling system, 
presented in Bertinetti et al. [88]. The main advantages of the minichannel 
cooling approach compared to the annular gap cooling is the possibility of 
higher water speed in the channels and therefore a more turbulent behavior and 
a corresponding higher heat transfer coefficient [99]. In addition, the distance 
between the water flow and the thermally loaded surface can be significantly 
reduced. Numerical simulations, as shown in Fig. 5.11 and Fig. 5.12 predict 
a maximum cavity surface temperature of 210 °C in steady state operation, 
which is below the maximum allowable temperature of 250 °C. The temper- 
ature difference of AT=13 °C is smaller compared to the annular gap cooling 
(AT = 44 °C ) presented already in Section 5.1.2. The boundary conditions for 
the simulations are an inlet flow rate of 3.7 m?/h, inlet pressure of 8 bar and 
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Figure 5.11: Temperature distribution versus the pulse length with mini-channel cooling. 
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Figure 5.12: Design of the minichannel cooling approach with the simulated polar temperature 
distribution [23, 88]. 


an inlet temperature of 40 °C. Numerical investigations have shown, that the 
best trade-off between minimum surface temperature and sufficient mechanical 
strength of the gap-surface distance is 0.85 mm with a channel diameter of 
1.2 mm and a channel length of 35 mm for each of the 60 channels [88]. 
The risk of the minichannel cooling is the blockage of individual channels 
and the generation of possible steam explosion. Here, damages in form of 
deformations and cavitation may occur. 

With the implementation of the minichannel cooling approach the temper- 
ature can be reduced by 42 % compared to annular gap cooling and 15 % 
compared to the Raschig Ring cooling system. In addition, tests have shown 
that the manufacturing of the channels can be made with sink erosion. This 
cost-efficient manufacturing process is even compatible with Glidcop. 


Experimental verification of the minichannel cooling approach with a 
mock-up device 


Currently, there is no experience with the handling of the mini-channel cooling 
system in Thales gyrotrons. Therefore, a test mock-up (as shown in Fig. 5.13) 
got built to verify the simulated results with the experimental data. In Fig. 5.14 
a cross-section of the mock-up is shown. The inner contour of the mock- 
up matches the physical design of the long-pulse cavity. In the approach it 
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Figure 5.13: Experimental setup for the verification of the minichannel cooling system. 
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Figure 5.14: Mock-up of the minichannel cooling approach. 


was waved to implement half round channels to simplify the manufacturing 
process. The copper part (gray colored in Fig. 5.14) exists of 2 parts. During 
the assembly, the outer copper component with the drilled channels is heated 
up and placed over the inner tube. After cooling down of the outer copper 
component a press-fit is guaranteed. The burner, as shown in Fig. 5.15, is used 
as aheating source. The acetylene and oxygen mixture of gas has a total thermal 
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Figure 5.15: Minichannel mock-up in operation. 


power of 36 kW. The flames of the burner are directed radially outward in order 
to have a thermal distribution, which corresponds in first approximation to the 
thermal distribution in the real gyrotron cavity. The heat transfer from the 
burner into the cavity is unknown and has to be calorimetrically determined 
in the experiment. Therefore, azimuthally 16 thermoelements of type K are 
allocated in order to measure the surface temperature in the cavity as well as 
the inlet and outlet coolant temperature. The position of the thermoelements 
are selected so that the azimuthal temperature distribution, the temperature at 
the inner cavity surface, the temperature behind the channels (considered in 
radial direction), and the distribution in z-direction can be investigated. The 
azimuthal arrangement of the thermoelements offers in addition the possibility 
to predict the alignment of the burner in the cavity. 

After the assembly of the minichannel mock-up device and installation of 
the automatically temperature measurement system and safety precautions, the 
mock-up has been experimentally investigated, as shown in Fig. 5.15. The 
surface temperature as well as the flow and return temperature of the water 
coolant are presented in Fig. 5.16. The temperature in the cavity surface is 
rapidly increasing and remains in a steady state temperature of 50 °C. In the 
time frame between 160 s and 200 s the power of the burner was increased 
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Figure 5.16: Temporal temperature profile of the surface as well as the flow and return temperature 
of the water coolant. 


to the nominal value. Accordingly, the temperature is increasing to 70 °C in 
steady state operation. During the experiment the temperature of the return 
flow is increasing up to 41 °C in steady state operation (up to 300 s) with a 
constant flow temperature of 18.1 °C. The slow response of the return flow 
temperature is related to the low flow rate of 2.2 l/min and the long water pipes 
as well as the large diameter of the already existing pumping equipment. The 
absorbed thermal energy of the cavity can be calculated by: 


O=m-cp- AT (5.1) 


With the flow rate m, the heat capacity cp and the temperature hub AT. The 
calculated absorbed power is 3.5 kW. Compared to the corresponding nominal 
power of the burner with 36 kW, the absorption in the cavity is 9.8 %. The low 
absorption is related to the small surface of the cavity and the high gas speed 
which is related to the stack-effect. It is proposed to replace the burner with an 
ohmic heater. Here, the losses can be directly measured. 

In order to verify the simulation model and boundary conditions, the mock-up 
device was simulated with the CFD simulation tool ANSYS. For this simula- 


89 


5 Cooling technologies for highly loaded gyrotron components 


Tomporature 
73.964 


72.931 
71.897 
70.863 
69.829 
68.795 
67.761 
66.728 
65.694 
64.660 


63.626 
IC] 


A. 


Figure 5.17: 3D CFD simulation results of a 20 deg section of the mock-up with a total water flow 
of 2.2 l/min and total absorbed power of 3.542 kW. 


tion, as shown in Fig. 5.17, the input parameters like the absorbed power in the 
cavity as well as the flow rate are determined in the experiment. The simulated 
maximum temperature is 73.94 °C and matches the measured experimental 
temperature of 70 °C, presented in Fig. 5.16. It has to be mentioned that the 
assumptions in simulation are successfully approved, which opens the path for 
a reliable interpretation of future gyrotron cooling systems. 


5.2.2 Future spray cooling system 


The overall motivation of the spray cooling system is a 10 times higher heat 
transfer coefficient [100] compared to concepts based on natural or faced con- 
vection (e.g. Minichannel cooling). Mudawar published already in [101], 
that with boiling phenomena a heat transfer coefficient of 100 W K/cm? and 
beyond can be achieved. In addition, Mudawar published also in [101] a spray 
cooling systems where the dissipated heat flux exceed 1000 W K/cm?. 
Reiners [102] speaks of spray cooling if the water exposure Vs is smaller 
than 3 kg/m? s~! and the cooling liquid is present in fine droplets. The fluid 
is forced through a small nozzle that shatters it into fine droplets which then 
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collide with the hot surface [102]. Based on Mueller [103], the simplest con- 
structions are single-material full-cone nozzles that work on the principle of 
water jet disintegration. They are used when the liquid can be supplied under 
pressure, a sufficient amount of liquid per nozzle is available and no special 
requirements and the drop size spectrum are made. The full-cone nozzle, used 
in this work, is designed to impart a swirl to the inflowing liquid in the inlet, 
resulting in an accurate circular radiation with a defined jet angle and uniform 
liquid distribution. In the axial nozzle, which is used in this work, the swirl is 
generated by a built-in swirler within the nozzle. 

At small water exposures with the spray cooling system of Vs ~ 0.1 kg/m? s!, 
higher heat transfer coefficients were already measured compared with the 
stable film evaporation, as shown in Fig. 5.18. The high heat transfer charac- 
teristic can be explained by the latent heat of evaporation and additional high 
single phase convection effects due to the continuous impact of drop-lets. Kim 
is mentioning in [105] that this approach also allows a uniform temperature 
distribution of large surfaces. The heat transfer coefficient of the spray cooling 
system is strongly dependent on the water exposure as well as on the char- 
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Figure 5.18: Heat transfer coefficient in dependency of the water exposure density [102]. 
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acteristic of the droplets (droplets density and velocity). The transition area 
between the spray cooling and film evaporation cooling is between V = 0.12 
and 0.18 kg/m? s!. 

A typical spray cooling curve is presented in Fig. 5.19 [104]. In the first regime 
at low wall temperatures, the curve is linear and convective effects dominate 
the heat transfer. The curve slope is increasing as the wall temperature is high 
enough that a phase change can occur. In Mudawar et al. [106] the effect 
of nozzle-to-surface distance on the critical heat flux using full cone sprays 
was investigated. Experimentally it was found out, that the nozzle-to-surface 
distance influences the cooling performance drastically. The maximum critical 
heat flux was achieved, if the spray impact area just inscribes the square surface 
of the hot plate [106]. The influence of flow rate, droplet size, droplet flux and 
droplet velocity on critical heat flux and heat transfer coefficient of a water 
spray cooling system were studied in Chen et al. [107]. They observed, that 
the droplet velocity has the most dominant effect on the heat transfer followed 
by the droplet flux. Experimentally the droplet velocity was increased from 
4.64 m/s to 24.1 ms/l and the diameter and droplet flux were kept nearly 
constant by using different nozzles (see [107]). The result was a critical heat 
flux increase by nearly 50 % and heat transfer coefficient by approximately 
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Figure 5.19: Heat flux coefficient versus the wall temperature [104]. 
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40 %, respectively. In addition, Puschmann published in his work [108] that 
the droplet diameter has a negligible influence on the heat transfer character- 
istics. For a given droplet flux it is concluded that a dilute spray with fast 
droplets is more effective than a dense spray with low droplet velocities [107]. 
In addition, Xie et al. [109] presented that the heat transfer can be increased 
by increasing the surface roughness. If the surface roughness is larger than the 
liquid film thickness a two-phase effect occurs at the tips of the grooves, even 
at lower wall temperatures compared to smooth surfaces. The dependency of 
the heat transfer coefficent and liquid film thickness with respect to the surface 
roughness as well as the spray angle were investigated by Martinez-Galvan et 
al. [110-112]. 


Experimental Test of Advanced Spray Cooling Approach 


In order to validate the theory, for the first time, a cavity mock-up was designed 
and manufactured for the spray cooling system as shown in Fig. 5.20. The 
cavity design of the spray cooling system matches the design of the cavity im- 
plemented in the minichannel cooling. The cavity is cooled by water bubbles, 
which are generated in the 5 nozzles. The used axial full cone nozzles are 
especially characterized by an extremely uniform liquid distribution over the 
entire circular area. The spray angle is 90 deg with a maximum throughput of 
0.5 L/min at 3 bar. As shown in Fig. 5.21, 5 nozzles are installed in the cavity 
enveloping Plexiglas coat in which each nuzzle has its water connection to 
the water distributor. Therefore, the huge benefit of the spray cooling system 
is, that all channels can be monitored separately and a malfunction can be 
observed easily. This is one of the main advantages compared to Minichannel, 
Raschig ring and hyper vapotron cooling systems which is increasing signif- 
icantly the operational security. The water flow and pressure is generated by 
a water pump with a maximum pressure of 3.5 bar. The water steam is going 
into the heat exchanger and is condensing there, while the condensate in the 
Plexiglas chamber is leaving it at the bottom and flows back to the reservoir. 

As already mentioned, the mock-up is using 5 nozzles with a flow rate of 
0.5 l/min each and 2.5 l/min in total, respectively. The evaporation heat AQ 
can be calculated by [113]: 


AQ = AU + pAV = AH, (5.2) 
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Figure 5.20: Complete mock-up of the spray cooling system. 
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Figure 5.21: Configuration of the test cavity equipped with spray cooling. The inlet is highlighted 
in blue, the condensation water and water steam in red. 
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Which is also called enthalpy of vaporization. Under the assumption of a com- 
plete water evaporation of the 2.5 l/min the maximum possible diverted power 
of this mock-up is 94.04 kW at a pressure of 1013 mbar. However, the max- 
imum absorbed power in the mock-up cavity is 3.543 kW which was already 
calorimetrically investigated in subsection 5.2.1. The evaporated amount of 
water with a heat power of 3.543 kW is 0.1 L/min. In Fig. 5.22 the temperature 
and flow rate are shown. It can be seen that the surface temperature is constant 
with a flow rate in the range between 0.4 to 1.4 L/min. The reason for the 
constant temperature is, that more than 0.1 L/min is available and the whole 
cooled cavity surface is wetted. At a flow rate of 0.35 L/min the temperature is 
significantly increasing, which is related to the fact that the cavity is no longer 
cooled. The reason is that the nozzles are not optimized for such a low flow 
rate and therefore the outer wall of the cavity is not covered completely with 
water. These areas are called hot-spots. 

The difference between spray cooling and water film cooling can be seen 
in Fig. 5.23. During operation (e.g. with a flow rate of 0.6 l/min) the water 
which is not evaporating is accumulating at the bottom of the cavity. There- 
fore, a water film is generating at the bottom and evaporation does not occur. 
As a result, the thermocouple T14 (as shown in Fig. 5.23), which is located 
at the bottom, shows the highest temperature which is related to the higher 
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Figure 5.22: Temperature profile of the cavity surface for different flow rates. 
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heat transfer coefficient. Compared to the experimental investigation with the 
minichannel cooling system, it can be concluded, that for the same heat ex- 
traction of 3.542 kW the innovative spray cooling systems needs 82 % less 
amount of coolant. This advantage is related to the enthalpy of evaporation of 
2257 kJ/kg at 1013 mbar. In addition, the cooling properties can be further 
improved, by reducing the pressure in the cooling chamber below atmospheric 
pressure as shown in Fig. 5.24. With a reduction of the pressure to 0.03 bar 
the evaporation enthalpy is increasing to 2444.6 kJ/kg with an evaporation 
temperature of 24.1 °C which is 8.3 % higher compared to operation at am- 
bient pressure. Operation at 0.03 bar with evaporated water is possible with 
an industrially available vacuum-water-ring pump. The correlation between 
pressure and evaporation enthalpy has in first approximation a linear behavior 
below 0.3 bar. Below 0.3 bar the evaporation enthalpy is exponentially in- 
creasing and exceeds an enthalpy of 2485.06 kJ/kg at 0.01 bar. 
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Figure 5.23: Temperature distribution of 4 thermocouples, which are azimuthally positioned with 
an angular distance of 90 deg. 
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Figure 5.24: Evaporation enthalpy and temperature versus the pressure in the cooling chamber. 


5.3 Cooling proposal for future DEMO gyrotrons 


The high loading in the main gyrotron components is critical to handle. In 
the Subsections 5.2.1 and 5.2.2 advanced cooling methods are proposed. In 
addition, thelarge cooling potential of both approaches has been experimentally 
demonstrated. Based on the experimental results, manufacturing experience 
and the conditions in the gyrotron the installation of a spray cooling system 
in the collector would be a significant improvement. Currently, the collector 
is cooled with the hyper vapotron cooling method. Here, the droplets on the 
surface are generated by the turbulent flow at the grooves. This approach is 
very sensitive to the operating cooling parameters like groove size, flow rate 
and coolant speed. The advantage of the Spray Cooling compared to the Hyper 
Vapotron cooling approach is that the droplets are generated in the nozzles. 
Therefore, a droplet flow to the collector surface can be guaranteed. With 
the installation of homogeneous distributed thermocouples the temperature at 
the collector surface can be monitored. This monitoring opens the path for 
a control loop. Based on the surface temperature, the water flow through 
the nozzles can be adjusted to optimize the spray cooling conditions and the 
amount of evaporated water. A minichannel cooling in the collector is not 
recommended due to the very high pressure drop in the 1.5 m long channel. 
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The implementation of a spray cooling approach in the cavity is more complex 
due to the space consuming installation under the assumption of a radial 
injection. First investigations has shown that a compact tangential spraying 
into the cooling chamber is possible without a loss of performance. However, 
further investigations have to be performed. In addition, the spray cooling 
has the significant advantage that the pressure of all inlets can be monitored 
by a pressure sensor in all water supplies. Therefore, a constipation can be 
easily monitored and an error message will be shown. In the minichannel 
cooling, a possible constipation, due to erosion, cannot be detected. As a 
result, the water is boiling and damages at the cavity can occur. Therefore, 
for industrial gyrotron were the reliability plays an important role, the spray 
cooling approach is a promising solution. In addition, the surface temperature 
can be significantly reduced and fatigue in the gyrotron components can be 
minimized. 


5.4 Summary 


To achieve the goal of long-pulse operation with a modular gyrotron, a new 
cooling approach is needed. For this reason, a cooling concept was presented 
for the first time in this work, which allows each individual component to 
be cooled separately. This unique advantage opens the path for monitoring 
the losses of each gyrotron component separately. In addition, due to the 
modularity, each cooled gyrotron component can be exchanged by new ad- 
vanced components. Numerical simulations predict a maximum pulse length 
of 150 ms for the annular gap cooling configuration. However, to reach the 
1 s pulse length high efficient cooling systems are required. The numerical 
simulations and experimental measurements have shown that this goal can 
be achieved by the advanced Minichannel cooling for the cavity and a Spray 
cooling system for the collector. The spray cooling presented here is unique 
in its use in the field of vacuum electronics. Experimental investigations have 
shown a 10 times higher heat conductivity compared to minichannel cooling 
approaches. Therefore, the spray cooling, presented in this work, is a pioneer- 
ing technology for highly loaded gyrotron components implemented in high 
power fusion gyrotrons. 
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During the manufacturing process, the components are contaminated with 
coolants and lubricants. Furthermore, copper reacts with oxygen and forms an 
oxide layer on the surface during the assembly ofthe gyrotron. These impurities 
have a significant impact on the vacuum condition and the performance of 
the gyrotron. Therefore, it is mandatory to clean the gyrotron in advance, 
which is done by bake-out. This procedure, presented following, was specially 
developed for the modular long-pulse gyrotron to avoid leakages and thermal 
stresses during the heating phase [93]. 

Furthermore, for an efficient interaction, the cavity, insert and MIG have to be 
well aligned to the magnetic field. Theoretical investigations have shown, that 
the insert misalignment should be smaller than 100 um [41]. Therefore, in the 
following section a special focus is given to the alignment procedure of the 
insert. 


6.1 Assembly of the new coaxial-cavity 
long-pulse gyrotron 


For the long-pulse modular pre-prototype gyrotron an innovative new con- 
struction, as shown in Fig. 6.1, has been developed. This new construction 
is of a modular type without the use of a shaft which offers the possibility to 
be accessible from the outside. Compared to the current fusion gyrotrons the 
beam-tunnel, cavity and launcher can be installed directly from below to the 
mirror box, which is related to the renouncement of the shaft. Here, a fast 
replacement of the components can be ensured without to open the collector. 
A further advantage of the accessible components is the possibility of the di- 
rect component access and measurement of the position and alignment as well 
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Figure 6.1: Assembled coaxial-cavity long-pulse gyrotron equipped with the old pre-prototype 
short-pulse Magnetron Injection Gun. 


as the outer surface temperature. In addition, with this unique approach, no 
thermal isolation between the beam-tunnel, cavity and launcher with the shaft 
exists. Therefore, a more efficient and faster bake-out is feasible because the 
heat can propagate directly to the gyrotron components. 
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6.2 Proper conditioning for long-pulse operation 
up to 100 ms 


Impurities and oxide layers have a significant impact on the vacuum level and 
the gyrotron performance. Therefore, the gyrotron was baked-out in the in- 
house oven up to 300 °C [114], which is clearly above the maximum operational 
temperature of 250 °C. The whole gyrotron including the sealing and flanges 
have been constructed for a bake-out temperature up to 400 °C , which is the 
maximum temperature for the CF copper sealing for a guaranteed leakage rate 
<107° mbar I/s. Especially the brazed connections with the nickel-base super 
alloy braze are successfully long term tested and verified up to a temperature 
of 500 °C. 

The vacuum pumps of the oven are positioned outside and connected by flexi- 
ble corrugated hoses to the gyrotron. From the outside, 12 thermocouples are 
connected additionally to the gyrotron in order to log the temperature [114]. 
The bake-out was monitored by a control system to which a defined process has 
been deposited [114]. The bake-out procedure is divided in three major phases, 
which were optimized in frame of this work. In the first phase, the temperature 
of the pre-prototype gyrotron is increased slowly up to the nominal bake out 
temperature of 300 °C [114]. The temperature have to be slowly increased in 
order to raise up the temperature of the gyrotron homogeneously and avoid 
stresses and leakages. For the pre-prototype gyrotron, 7 days were spent for 
the first phase [114]. In the second phase, the temperature of the gyrotron was 
kept constant at the nominal bake-out temperature for another 7 days [114]. 
Subsequently, in the third phase, the heater in the oven was switched off and 
the temperature was slowly ramped down to avoid stresses in the components 
due to different thermal expansions and the use of different materials [114]. 
In the control system of the oven several interlocks are installed. The 
goal is to detect and prevent unwanted events. The most frequently oc- 
curring event is the increasing vacuum pressure during the heating-up pro- 
cess (phase 1). If the vacuum pressure in the gyrotron exceeds more than 
p1 = 1.0x10~° mbar the oven keeps the temperature constant until the pressure 
is less than p2 = 5.0x10~/ mbar [93, 114], highlighted in Fig. 6.2 with event 1. 
If the vacuum pressure has reached the value p2, the oven continues to heat. 
If the pressure is exceeding the pressure level p3 = 5.0x10~> mbar the oven 
stops immediately its operation and shuts down the temperature in a controlled 
manner [93] (marked in Fig. 6.2 with event 2). 
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Figure 6.2: Temperature profile of the bake-out procedure of the coaxial-cavity long-pulse gy- 
rotron. 


Due to the bake-out process the tube vacuum pressure can be improved from 
2.0x10~7 mbar down to 1x10”® mbar at room temperature, which is the lower 
achievable limit of the vacuum turbo pump. However, it has to be mentioned 
that at 300 °C the pressure was only 8x10~’mbar at the vacuum pump. The 
reason is the installation of an annealed copper ring as a sealing between the 
collector and mirror box. This sealing is sufficient for short pulse operation, 
however, during the bake-out the sealing is getting softer and small holes are 
created. Therefore, the long-pulse modular pre-prototype could not be baked- 
out as required for long-pulse operation. The measurement of the vacuum 
pressure during the bake-out shows clearly, that for an efficient bake-out the 
gyrotron has to be sealed with a proper Helicoflex sealing. As a result, without 
the Helicoflex sealing the maximum expected pulse length is 10 ms. Based 
on this understanding, the temperature profile was optimized by inserting two 
temperature breakpoints at 100 °C and 250 °C for an improved temperature 
distribution. 

After the bake-out procedure of the pre-prototype gyrotron, the gyrotron was 
installed in the test stand and the conditioning process was performed. This 
first conditioning process included mainly the conditioning of the MIG. Herein 
the filament current was step wise increased up to a maximum vacuum level of 
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1076 mbar. After the regeneration of the vacuum conditions the process was 
repeated up to the nominal filament current of 19 A. In the second conditioning 
step the voltage stand-off was improved by the generation of provoked arcs 
inside the MIG region. Here a cleaning effect is generated, which is related to 
the evaporation of the unwanted oxide layer at the stainless steel and copper 
components, mainly at the insert, the cathode and the anode. This conditioning 
step is performed with a cold emitter. Discharges in the MIG regions were 
observed above 65 kV with a maximum vacuum level of 5x10~> mbar in the 
long-pulse coaxial-cavity gyrotron. In the third conditioning step a combina- 
tion of the first and second step is executed. In this conditioning procedure the 
beam current is increased step wise by increasing the filament current. Initially 
the starting beam current is smaller than J < 0.01 A with an acceleration volt- 
age of smaller than U < 1 kV and a pulse length of 300 us. The pulses were 
repeated several times with the same beam parameters in order to improve the 
vacuum conditions. When the maximum vacuum level during the pulse was 
improved below 5x10~’ mbar the beam parameters were increased step wise. 
The procedure was finalized when the nominal beam parameters (U = 90 kV, 
I, = 75 A) were achieved. During the pulses the magnetic field configuration 
was changed to collect the electron beam at the collector at different positions. 
As a result, a large area of the collector is conditioned and cleaned from the 
unwanted copper oxide layer. Due to the losses of the RF beam at the cavity, 
the launcher and the three mirrors, the temperature is locally increasing and an 
additional conditioning takes place. 


6.3 Alignment of the axis of the modular 
pre-prototype 


For an efficient gyrotron operation an exact alignment of the mechanical gy- 
rotron axis is necessary. I.e. the axis of the MIG, the axis of the resonator and 
the axis of the insert regarding the axis of the magnetic field. The orientation 
of the magnetic field determines the drift of the hollow electron beam [4]. 
Therefore, the alignment of the axis of the electron beam relative to the axis of 
the magnetic field has to be satisfied to guarantee a concentric electron beam 
regarding the axis at the cavity and insert. Measurements have shown, that 
the maximum radial concentricity deviation of half the electron beam width 
(~ 4/8 = 0.2 mm) can be tolerated, see Samartsev et al. [115] and Rzes- 
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nicki [94]. The requirements refer to the position of the electron beam relative 
to the insert and cavity wall. Due to the very high tolerance requirements it 
is very important to measure the accuracy of the mentioned gyrotron compo- 
nents at the nominal operation condition, and, if necessary to correct them. 
The measurement of the electron beam position relative to the insert and cavity 
wall can be done by the help of the already installed dipole coils (installed in 
the superconducting magnet). These coils offer the possibility to shift the 
electron beam in the XY-plane. With a positive coil current I, the hollow 
electron beam can be moved in positive x-direction, while with a negative coil 
current -I, the beam can be moved in negative x-direction, which is shown in 
Fig. 6.3. The movement in y-direction can be performed with I, similarly. At 
a certain lateral deflection some electrons hit the insert and an insert current 
can be measured. For a perfect homogeneous and aligned hollow electron 
beam and insert, the insert current versus the dipole current has a U-shaped 
distribution, with a mirror plane at I, or I, at 0 A. A realistic measurement 
is shown in Fig. 6.4. The shift of the mirror plane in the measurement result 
shows, that the insert is not aligned. The insert in x-direction is 0.036 mm 
displaced, while the displacement in y-direction is 0.032 mm. The relation 
between dipole current and the electron beam shift is given in Rzesnicki [94]: 


ARpeam = 0.012 mm/A ` Ixy (6.1) 


The mentioned misalignment of the insert is negligible and therefore a stable 
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Figure 6.3: Electron beam position for 3 different dipole coil currents 
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Figure 6.4: Measurement of the insert current at different excitations of the dipol currents in x- 
and y- direction. 


gyrotron operation can be expected. Based on the measurement it can be 
seen, that the insert can be aligned within a range of + 30 um. By the 
current distribution at the insert, the homogeneity of the electron beam can 
be determined. A perfectly homogeneous electron beam without the emission 
of secondary electrons has a U-shaped insert current versus the dipole current 
distribution. In the flat top region, the insert current should be zero. In 
addition, the edges on both sides should be steep. This measurement method 
is a unique advantage as it is exclusively found in coaxial-cavity gyrotrons. A 
comprehensive overview of this process is given in Rzesnicki [94]. 

After the alignment of the insert axis regarding the beam axis, the electron 
beam have to be aligned to the axis of the cavity. In the coaxial-cavity short- 
pulse pre-prototype the installation of an adjustment probe at the cavity was 
used to align the cavity [94]. In this work it was waived to use such a 
probe in order to suppress unwanted oscillations in the cable of the probe. 
However, the alignment of the cavity can be sufficiently accurate determined 
by measuring the excitation circle, as shown in Fig. 6.5. This procedure 
was already performed in Ioannidis et al. [116]. In this measurement the 
electron beam is shifted with the dipole coils till the boundary where the 
nominal TE34,19 mode is lost. This procedure is repeated several times for 
different dipole current configurations as shown in Fig. 6.5. Finally, a circle is 
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fitted through the measurement points and the center is defined as the optimum 
operation point which is for the current case I, = -7.95 A and I, =-5.15 A. This 
rough estimation of the optimized operation point is very quick but effective. 
In addition, this measurement of the coaxial-cavity short-pulse pre-prototype 
MIG will later be used to compare the emission homogeneity with the advanced 
conventional coaxial-cavity MIG with coated emitter rims. 
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Figure 6.5: Excitation circle of the gyrotron at nominal operating parameters in order to check the 
alignment of the gyrotron. 


6.4 Summary 


The proper conditioning of a high power fusion gyrotron is essential for a 
reliable operation. Therefore, in this chapter, a bake-out process for the long- 
pulse gyrotron was developed and applied. This process was complicated by 
the use of 14 flanges, the use of different gaskets (Helico Flex, CF and self- 
made wire gaskets) and mainly the large diameter of the mirror box gasket. 
This problem could be solved by the use of an advance control system and 
temperature profile. 
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long-pulse coaxial-cavity gyrotron 


In the previous chapters, the necessary long-pulse relevant development, man- 
ufacturing and assembly steps are presented. Therefore, the behavior and 
performance of the advanced long-pulse coaxial-cavity pre-prototype gyrotron 
will be demonstrated below with two different MIGs. As a first step, the new 
coaxial-cavity long-pulse gyrotron will be verified with the well-known short- 
pulse MIG. Here, the exclusive performance of the long-pulse gyrotron can be 
investigated and compared with the existing short-pulse gyrotron performance. 
In a second step, the advanced conventional MIG with coated emitter rims will 
be installed to increase the power and efficiency of the gyrotron. 


7.1 Gyrotron performance capabilities with the 
existing short-pulse magnetron injection gun 


The 2 MW 170 GHz long-pulse coaxial-cavity gyrotron has been verified and 
compared with the existing performance results of the 2 MW 170 GHz short- 
pulse coaxial-cavity pre-prototype. For a better comparison, it was decided to 
use the composition of the new long-pulse gyrotron with the already existing 
Magnetron Injection Gun of the pre-prototype short-pulse gyrotron. This ap- 
proach allows a better comparison between the old short-pulse gyrotron and the 
new long-pulse gyrotron in short-pulse operation. Furthermore, this approach 
prevents possible performance uncertainty of a new MIG. The goal of the first 
experimental investigation is the verification of the new coaxial-cavity design 
approach and the comparison with the numerical investigations. In addition, 
the experiment at nominal operation will show the reliability and quality of the 
new developed joint connections. 
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Experimental setup 


In Fig. 7.1 the coaxial-cavity long-pulse gyrotron is shown in the super- 
conducting magnet including the installation of the calorimeter which is used 
for the RF power measurement. For frequency measurements the RF signal 
is captured from the stray radiation at the relief window and guided with a 
waveguide to the measurement system. Furthermore, the gyrotron is isolated 
with a GFK ring between the cold magnet and the mirror-box. In addition, 
for higher voltage stand-off and cooling capabilities the magnet bore hole was 
filled with high voltage isolation oil. On top of the gyrotron two ion getter 
pumps are installed for continuous vacuum pumping. The usual long-pulse 
ion getter pump position at the mirror box is not applicable due to the too large 
dimensions and the resulting incompatibility with the furnace. In this set up 
the collector and cavity are cooled by deionized water. 


Experimental operating parameters 


In all the experiments the gyrotron was operated in non-depressed collector 
mode. Therefore, the collector, mirror box, launcher, beam tunnel, cavity and 
anode were connected to ground, while the cathode is on -90 kV at nominal 
operation. The magnetic field in the cavity is 6.76 T. The shift of the electron 
beam, which was determined in Section 6.3, was considered and compensated 
by the dipole coils. The filament current is 18 A at a nominal beam current of 
75 A. The initial vacuum pressure is 1078 mbar at the position of the ion getter 
pumps. 


Experimental measurement results 


In the experiment, the nominal TE34,19 mode was successfully excited at 
169.855 GHz, which was measured with the real-time spectrum analyzer. The 
measurements show that the gyrotron is operating stable at a single frequency. 
At an acceleration voltage of 85 kV a mode switch from the nominal TE34, 19 
mode to the neighboring TE33,19 mode at 167.788 GHz takes place. The 
maximum measured RF output power at the nominal mode is 2.1 MW with an 
electronic efficiency of 33 %. K. Avramidis et al. have shown in [117] and 
Fig. 7.2, that an excellent agreement between the experimental results and the 
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7.1 Gyrotron performance capabilities with the existing short-pulse magnetron injection gun 


Figure 7.1: The coaxial-cavity pre-prototype long-pulse gyrotron in the superconducting magnet 
with the calorimeter for the RF power measurement. 
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Figure 7.2: Experimental start up scenario of the new coaxial long-pulse gyrotron (red marks) in 
comparison with the simulations. A loss of 5 % in the cavity is considered in the 
simulation [117]. 


numerical simulations can be observed. Especially, in higher voltage regimes 
above 76 kV the simulation results and experimental measurements fits well 
for the TE34,19 mode. However, a significant deviation can be observed for the 
TE35,19 mode. This can be addressed to a discrepancy of 10 mT between the 
expected magnetic field and simulated field in the cavity region by consider- 
ing the uncertainties in the coil current, remanence of the coil materials and 
misalignment of the gyrotron in the SCM. It has to be mentioned, that the mag- 
netic field was calibrated by using an calibrated Hall sensor. Nevertheless, the 
simulations confirms the predictable behavior of the coaxial-cavity long-pulse 
gyrotron. These numerical simulation were performed with the KIT in-house 
code EURIDICE [118] under the consideration of a realistic start up scenario 
with linear raising acceleration voltage, as it happens in the experiment. For 
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this process the electron beam parameters have been calculated with the elec- 

tron trajectory code ARIADNE in the range between 45 kV and 95 kV. 

Itcan be summarized, that with the optimization ofthe gyrotron key-components 
and technologies the efficiency could be increased from 30 % up to 33 %. In 

addition, an excellent agreement between experimental and numerical results 

could be achieved. Furthermore, with the advanced long-pulse gyrotron the 

low frequency oscillations could be suppressed by the renunciation of the 

alignment probes in the cavity. 


7.2 Experimental results with the optimized 
conventional magnetron injection gun 


In the second verification step, the advanced conventional MIG, presented in 
Section 3.1 and published by I. Gr. Pagonakis et al. [63], has been installed in 
order to extent the pulse length. With the installation of the advanced conven- 
tional MIG a significant more symmetric electron beam could be demonstrated 
without the generation of trapped electrons. As a result, a gyrotron output 
power of >2.0 MW with an overall efficiency of 50 % could be achieved. 


Alignment and conditioning of the gyrotron 


For an operation at high output power levels and efficiencies, the procedure 
of the gyrotron conditioning, alignment of the insert and measurement of the 
electron beam homogeneity, as described in Section 6.3, have to be repeated. 
The insert alignment measurements, presented in Fig. 7.3, have shown an insert 
misalignment of 36 um in the x-plane and 32 um in the y-plane, which is below 
the maximum misalignment of 100 um [41]. Compared to the symmetry 
analysis of the old short-pulse MIG (Fig. 6.4), the measured insert current 
emitted from the new emitter, presented in Fig. 7.3, indicates a significantly 
more expected electron emission behavior. Especially in the flat top region, 
the insert current is close to 0 mA. With increasing absolute amount of the 
dipole current a very steep flank of the insert current can be observed, which is 
also an indication for an electron beam of high quality and without an electron 
emission from the rims. These measurements were performed atabeam current 
of 0.3 A and a cathode voltage of 3.7 kV. The quality of the electron beam as 
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Figure 7.3: Investigations of the insert alignment and homogeneity of the electron beam. 


well as the homogeneity of the electron beam can be additionally determined by 
the measurement of the Current-Voltage characteristic (CVC) [45], as shown 
in Fig. 7.4. This measurement was performed with a filament current of 
18 A and shows a sharp transition between space charge limited operation 
and temperature limited operation at a voltage of 6.7 kV and a beam current 
of 8.67 A. The transition point is very sharp, which is an indication for a 
homogeneous electron beam of high quality [45]. 


Triode start-up scenario 


In Fig. 7.5 the main measurement parameters, cathode and body voltage as 
well as the beam and body current are presented during a test pulse. The 
cathode voltage is ramped-up to the nominal operation voltage in 100 us. At 
the beginning of the cathode ramp-up the anode has already reached the desired 
value. This start up process is necessary to prevent reflected electrons during 
the ramp up due to a high pitch factor of the emitted electrons. It can be seen 
that the pulse with a pulse length of 13 ms was successful without arcing and 
discharges. However, it can be observed that during the pulse the beam current 
decreases by AJ, = 12 A, which is 21 % of the total beam current. Further 
investigations have shown, that this effect is depending on the filament current 
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Figure 7.4: Current Voltage characteristics (CVC) of the new Coaxial Magnetron Injection Gun. 


and the corresponding emitter surface temperature. However, this issue can 
not be addressed to the cooling caused by emission. This effect happens in 
the frame of several seconds [93]. The explanation of such an effect is very 
difficult because the emitter technology is a confidential. However, one of the 
most promising reason could be the voltage induced desorption in the emitter. 
Here, a lot of BaO is leaving the emitter at the beginning of the pulse and 
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Figure 7.5: Cathode and body voltage, beam current and body current during a pulse [63]. 
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BaO cannot flow back to the surface so fast. As a result, the density of BaO 
is significantly reducing during the time, which leads to a reduction of the 
beam current. Based on discussions, this effect is increasing with increasing 
temperature of the emitter surface, which can be validated by the experimental 
investigation. 


Advanced start-up scenario 


However, the decrease in the beam current can be significantly reduced by 
increasing the ramp-up time of the cathode. In Fig. 7.6 an optimized ramp-up 
scheme is presented, which is reducing the current drop from 12 A down to 2 A. 
In this ramp-up scenario the cathode is reaching the nominal voltage after 3 ms. 
The advantage of the slow ramp is that the current drop can be significantly 
reduced, which is also an indication for a voltage induced desorption. It has to 
be mentioned that in with the advanced start-up scenario a very stable operation 
for the nominal TE34,ı9 mode could be achieved. 


Ramp-down 


Time t [ms] 


Figure 7.6: Modified ramp-up scenario for a reduced beam current drop [63]. 
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Investigations of the electron beam radius versus the body current 


A very strong correlation between the beam radius and the body current has 
been observed during the experimental campaign. As shown in Fig. 7.7 the 
body current is increasing with increasing radius of the electron beam in the 
cavity. With abeam radius of 10.4 mm and a body voltage (depression voltage) 
of 22 kV the body current exceeds the maximum limit of 200 mA. The reason 
for the very high body current is the very close distance between the electron 
beam and the ceramic shielding of the collector. The simulated distance of 
22 mm should be sufficient, however, due to stray magnetic fields, the distance 
in the experiment is less. This issue can be solved by pushing the electron 
beam with an additional collector coil in positive z-direction. The set-up of 
the collector coil can be seen in Fig. 7.8. 
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Figure 7.7: Correlation between the body current and the radius of the electron beam in the cavity. 
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Figure 7.8: Additional collector coil for solving the limitation of the high body current. 


Investigations of the collector sweeping 


With the implementation of an additional collector coil, the electron beam is 
moving upwards [119]. Also, the measurement of the body current indicates 
a significant improvement. During operation without the collector coil, the 
body current exceeds a value of 150 mA, as shown in Fig. 7.9 and is reducing 
with increasing collector coil current. At 25 A of coil current the body current 
is 35 mA. The coil temperature at 25 A reaches in CW operation a maximum 
temperature of 35 °C, which is below the maximum allowable temperature of 
the cable. 


Experimental verification at nominal beam parameters 


After solving the issue with the significant beam drop and body current, the 
beam parameters could be increased to the nominal parameters (acceleration 
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Figure 7.9: Reduction of the body current can be achieved with increasing collector coil current. 


voltage of 90 kV and beam current 75 A). A typical start up scenario of 
the coaxial cavity-long pulse gyrotron with the advanced conventional MIG 
with coated emitter edges is shown in Fig. 7.10. The power and efficiency 
is increasing with increasing acceleration voltage. For all the measurement 
points, the depression voltage is 34 kV with a beam current in the range between 
75.35 A and 76.59 A. In this measurement, the beam radius is 10.15 mm with 
a magnetic field angle at the emitter of - 2 deg. The maximum output power 
of 2.0 MW was achieved with an acceleration voltage of 90.43 kV and a beam 
current of 75.35 A. It has to be figured out, that the presented RF output power 
is only the power in the flat top region (compare Fig. 7.6). The experimentally 
measured RF power is determined in two steps. In a first pulse, the RF power 
of the whole pulse is measured. In a second pulse, the RF power is only 
measured in the ramp-up phase. The subtraction of both pulses delivers the 
RF power in the flat top region. Due to the decreasing beam current during 
a pulse, the measured power is an average power. If the beam current would 
be constant in the flat top region, a significantly higher average power and 
efficiency can be expected. The position of the gyrotron in the bore hole of 
the superconducting magnet has been further improved. A maximum output 
power in depressed operation of 2.2 MW with an efficiency in the 2 MW 
gyrotron class of 50 % has been achieved. This excellent operational point has 
been obtained with a magnetic field density in the cavity of 6.86 T, a cathode 
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voltage of V. = - 55.27 kV, a body voltage of Vp = 34.26 kV and a beam current 
of I, = 74.1 A. The measured pulse length was 0.374 ms. The body current 
was Ipody = 106.4 mA. The magnetic field angle at the emitter was -2 deg 
with an electron beam radius in the cavity of 10.00 mm. Furthermore, it has 
to be highlighted that the low frequency oscillations, which occurred in the 
short-pulse coaxial-cavity gyrotron, could be successfully suppressed. 


7.3 Summary 


First experimental results of the long-pulse gyrotron were presented in this 
chapter. Ina first run the coaxial-cavity long-pulse gyrotron was experimentally 
verified with the pre-prototype short-pulse coaxial-cavity Magnetron Injection 
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Figure 7.10: Start-up scenario of the coaxial-cavity long pulse gyrotron equipped with the ad- 


vanced conventional MIG. The body voltage is 34.1 kV, the average beam current is 
76 A. 
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Gun. The experimental results, performed in frame of this work, have shown 
the excellent performance and world leading capability of the gyrotron with an 
output power of 2.2 MW at 169.89 GHz. The measured interaction efficiency 
in non-depressed operation is 33 %, which is 4 % higher compared to the short- 
pulse coaxial-cavity gyrotron. The experimental results match the analytically 
simulated predictions. Furthermore, the new conventional MIG with coated 
emitter rims was experimentally tested in frame of this work. With an advanced 
start-up scenario an output power >2.0 MW with a total gyrotron efficiency of 
50 % in depressed operation could be achieved. 
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8.1 Summary 


The available KIT2MW 170 GHz short-pulse coaxial-cavity gyrotron has been 
upgraded to a DEMO relevant coaxial-cavity design up to a pulse length of 
150 ms. This coaxial-cavity long-pulse gyrotron has been designed, in-house 
manufactured and tested in frame of this work. In the current configuration, 
this gyrotron establishes a new state-of-the-art in the field of multi-MW fusion 
gyrotrons. 

As a first step, two advanced Magnetron Injection Guns were developed, which 
satisfy the gun design criteria for a stable gyrotron operation. First, a conven- 
tional MIG with coated emitter edges was designed and manufactured by 
Thales. By implementing an emitter with coated edges, the sensitivity regard- 
ing manufacturing tolerances and thermal expansions could be significantly 
reduced. In addition, an advanced DEMO relevant diode configuration for 
this cathode was proposed in this work. For the first time, a diode design was 
presented which satisfies all the gun design criteria at all. Furthermore, investi- 
gations have shown that the conventional MIG design is strongly limited for an 
operation at higher power levels. Therefore, an innovative inverse Magnetron 
Injection Gun has been developed for the 2 MW 170 GHz coaxial-cavity gy- 
rotron. The inverse approach, proposed in this work, offers the possibility for 
an implementation of a 16.8 % larger emitter by keeping the same outer MIG 
diameter. Even more, due to the preferable cooling conditions, the cathode 
temperature of thermally loaded regions could be reduced by a factor of 5 com- 
pared to conventional MIGs. Considering the fundamental beam parameters, 
an excellent beam quality has been achieved in numerical simulation. Electron 
trapping mechanisms can be successfully suppressed with the unique inverse 
MIG design. 

In addition to the compact inverse MIG proposed for the 2 MW 170 GHz 
coaxial-cavity long pulse gyrotron, a systematic study was performed in this 
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work in order to determine the minimum possible MIG dimensions under the 
consideration of realistic magnetic field profiles and current densities. With 
this design, the diameter of the gyrotron can be reduced by 25 %, which al- 
lows to use a smaller warm bore hole of the superconducting magnet and thus 
reduces significantly the costs. 

A main cost driver in the manufacturing of a long-pulse gyrotron is the brazing 
and welding of vacuum compatible joints. Therefore, a cost-efficient and KIT 
internally negotiable joining procedure was developed. The nickel-base super 
alloy braze has significant advantages over the standard copper-gold and silver 
braze. The main advantage is the easier handling without the use of reducing 
gases during the preparation of the components for brazing. Even more, the 
use of a nickel-base super alloy braze reduces significantly the handling time 
and costs by 98 % with a success rate of 100 %. 

For long-pulse operation all gyrotron sub-components were equipped with ef- 
ficient cooling systems to increase the RF pulse length. All the components 
are equipped with a separate cooling system, which offers the possibility to 
monitor the losses of each component. Thermomechanical studies and Com- 
putational Fluid Dynamic investigations (CFD) were performed to identify 
critical thermally loaded hot spots. Based on the simulation results, the opti- 
mum material combination was determined and implemented in the advanced 
long-pulse gyrotron. Up to a pulse-length of 150 ms the components can be 
cooled by an annular gap cooling. Thermomechanical simulations have shown, 
that the maximum permissible temperature of 250 °C is exceeded after 150 ms. 
In order to increase the pulse-length, an advanced minichannel cooling system 
has been developed. The minichannel cooling approach offers the possibility 
to operate the gyrotron at CW operation with a maximum surface temperature 
of 210 °C. Furthermore, the temperature could be reduced by 15 % compared 
to the Raschig-ring cooling approach, which is used in today's Thales fusion 
gyrotrons. Furthermore, for the very first time, an advanced spray cooling 
system was design and experimentally verified using a mock-up for the cooling 
of extremely high loaded gyrotron components like cavity and collector. The 
cooling shows excellent performance properties with a theoretical heat trans- 
fer coefficient, which is ten times higher compared to the minichanel cooling 
approach. The enormous cooling potential and advantages of the exploitation 
of the high evaporation enthalpy could be approved in the experiment. This 
cooling method is the key for a future fusion multi-MW gyrotron with the 
possibility of operation at lower order and more stable modes. 

An extended study of the first experimental results is presented in Chapter 7. 
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In a first run the coaxial-cavity long-pulse gyrotron was experimentally ver- 
ified with the pre-prototype short-pulse coaxial-cavity Magnetron Injection 
Gun. The experimental results have shown the excellent performance and 
world leading capability of the gyrotron with an output power of 2.2 MW at 
169.89 GHz. The measured interaction efficiency in non-depressed operation 
is 33 %, which is 4 % higher compared to the short-pulse coaxial-cavity gy- 
rotron. The experimental results match the analytically simulated predictions. 


8.2 Outlook 


All topics contained in the work have potential for further development and 
improvements. In the following, only the obvious hardware optimizations for 
the coaxial-cavity long-pulse gyrotron, the advanced Magnetron Injection Gun 
as well as the advanced cooling systems will be discussed. 


Coaxial-cavity long-pulse gyrotron 


In its current version, the coaxial-cavity long-pulse gyrotron has been op- 
erated with a pulse length up to 15 ms at reduced beam parameters. At pulses 
up to 2 ms the gyrotron shows excellent performance. However, the tube 
outgasing is getting stronger with increasing pulse length. Therefore, it is pro- 
posed to bake-out the gyrotron again in the oven at 300°C. The bake-out time 
should be chosen in such a way, that the vacuum pressure is below 107° mbar 
at the bake-out temperature of 300 °C. Therefore, it is necessary to replace all 
the sealing's by Helicoflex or CF-sealing. 

A further limitation for longer pulses is the body current of 80 mA to the 
ceramic shielding of the collector at nominal beam parameters. Therefore, 
the installation of a defined collector coil is mandatory to push the electron 
beam in the collector upwards in order to decrease the body current. At the 
same time, the position of the collector should be moved downwards in order 
to increase the spacing between the electron beam and the collector ceramic 
shielding. For this, the thickness of the adapter between collector and mirror 
box must be reduced by 10 mm. 
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Advanced magnetron injection guns 


The Inverse Magnetron Injection Gun was theoretically deeply investigated 
and then manufactured. The gained knowledge know-how is fundamental for 
future Magnetron Injection Guns. A significant improvement of the inverse 
Magnetron Injection Gun would be an alignment system of the emitter from 
the outside. This can be easily implemented due to the outside laying cathode. 
By reason of delivery delays the inverse MIG could not be tested in this frame. 
Therefore, the inverse MIG should be tested in the coaxial-cavity long-pulse 
gyrotron at the nominal operating parameters. 

The conventional Magnetron Injection Gun with coated emitter edges is cur- 
rently operating in triode configuration. For a precise statement about the 
emitter condition the conventional MIG should be tested in diode configura- 
tion, which was already proposed. In this connection, the current characteristic 
can be further investigated without the unknown behavior of triode MIGs. As 
already mentioned, the most promising reason for the significant current drop 
is the voltage induced disruption of BaO at the emitter. This assumption could 
be underlined by an SEM (Scanning Electron Microscope) measurement of 
the content of BaO at the emitter surface and the neighboring regions. 


Advanced cooling systems 


In this work, the enormous potential of minichannel and spray cooling have 
been shown. However, further systematic studies should be performed to 
optimize the designs. The absorbed power in both mock-up device is currently 
10 % of that of a real cavity. The absorption can be significantly improved 
by increasing the cavity surface. This can be done by the implementation of 
fins made of copper. Measurement of the gradient in the mock-ups was a very 
difficult task, because the thermal conductivity is high and therefore the heat 
transfer coefficient of the cooling approaches could not be investigated. The 
replacement of the copper cavity with a cavity made of stainless steel would 
make the determination of the heat transfer coefficient possible due to the 
lower thermal conductivity and the higher radial temperature gradient in the 
cavity wall. The experimental test with the spray cooling were performed at 
ambient pressure. The evaporation enthalpy can be increased if the pressure 
in the cooling chamber is reduced to 33 mbar, which can be achieved with 
an industrial water-ring-pump. Here, a further cooling gain of 8 % can be 
achieved. 
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A.1 Magnetic mirroring 


The mirror effect is a very important effect, which has to be taken into account 
during the development of a MIG. The mirror effect is responsible for the 
generation of trapped electrons and the resulting halo electrons of the beam. 
In addition to the discussions in Sec. 3.2.2 the mathematical derivation will be 
presented following. The derivation is based on [120]. 


Gyrating particles (e.g. electrons, ions) compose an electric current with a 
magnetic dipole moment: 
1/ 2mv? 


3 (A.1) 


The dipole moment wis constant, if B varies locally or temporally (1st adiabatic 
invariant). If the magnetic flux density B varies, the perpendicular velocity 
v, varies and keeps the dipole moment constant. Due to the conservation of 
energy the parallel velocity component v also changes. Considering a B-field 
in z-direction with varying magnitude and axis symmetry, Bo = 0 and d/de=0, 
it can be assumed as cylindrical symmetric. Therefore, it can be written as 
B = B,r + Br. B, can be obtained from V- B = 0. In cylindrical polar 
coordinates [120]: 


1 OB, ð OB; 


- 
gr Br) t — =0> g eat Ep 


(A.2) 


If 0B,/0z is given at r=0 and does not vary with r, then [120] 
OB, 1 2 OB, 
dr A.3 
--[ 7 = a 02 ) 


125 


A Appendix 


Ben (=) (AA) 
dz r=0 


The field component B; has a contribution to the Lorentz force [120]. 


F, = q (veBz - vzBo) (A.5) 
Fe = q(-v-B; — vzBe) (A.6) 
F; = q (vr Bo — voB, ) (A.7) 


With Bo=0, two terms vanish. 


qveB, OB; 
F, = -gveB- = A.8 
z qvo 2 az (A.8) 
Averaging over one gyro orbit, and using ve = +v, andr = rz [120]. 
1 OB 
psr Durk (A.9) 


“2 We Oz 


This force is the so called mirror force, in which -/+ indicates the direction 
of the field in opposite direction regarding the particle charge. It is normally 
written [120]: 


1 v? OB, 
F, =+-=q— : A.10 
Z 2° We Oz ( ) 
Or as an alternative 
OB, 
F=-u (A.11) 
Oz 


; 1/2mv? ; : ; : ; 
with u = Mni magnetic moment. In the 3-dimensional case, it can be written 


as [120]: 


dB 
Jı = en -HVB (A.12) 
AY 
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where Fy the mirror force is parallel to B and ds is a line element along B. 


Ifa charged particle moves into a nonuniform magnetic field, the Larmor radius 
is changing. However, the magnetic moment u remains invariant. In order 
to prove this, the component of equation of motion along the magnetic field 
is [120]: 


dvj dB 
a SS A.13 
i dt Pas ( ) 
Multiplying with vj: 
dv) dB 
mizy =" (A14) 
d/l 3 ds dB dB 
a = — — = -u— A.l 
dt (3 das "a nn 
The energy conservation has to be fulfilled, so 
d [1 1 
a (3m? + TA =0 (A.16) 
with u = Ma 
dil 4 
FP (gut) =0 (A.17) 
dB d 
Hr = (A.18) 
ee (A.19) 
Eu ai de i 
du 
B— =0 A.20 
J (A.20) 
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While B is not equal to 0, that means, 


ee =0 (A.21) 
dt 

The result is, that the magnetic moment is constant in time (invariant) and 
describes the first adiabatic invariant of the particle orbit [120]. If a particle 
travels from a weak into an increasing magnetic field B. Accordingly, the 
transverse velocity v, is increasing in order to keep the magnetic moment 
constant. Due to energy conservation, the parallel velocity component vj is 
decreasing. For significantly increase of B the parallel velocity eventually goes 
to 0 and the particle is reflected back to weaker field regions. This effect is 
called mirror effect and is also present in Magnetron Injection Guns. Due to 
the fact that the magnetic moment is constant, it is essential for two different 
positions 

ul) u2) = 0 (A.22) 


The larmor radius is following defined: 


VL 
= — A.23 
rL qB ( ) 


with 
q : elementary electron charge 
me Electron mass 
It can be written as 4.8 a 
ry .q°By r7 4qQ°B2 
Eu 7 SEEN; (A.24) 
2Me 2Me 
2 ee) 
rr Bi = ri Bo (A.25) 


It describes the correlation of the larmor radius and the magnetic field strength. 
The Larmorradius in can be replaced by the electron beam radius rp. The ob- 
tained relation is established as the so called Busch-Theorem.This correlations 
is an important tool for the design of a Magnetron Injection Gun. 
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